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DETAILED ACTION 

Claims 9, 10, 13-15, 24-36, 38-49 are pending in the application. Claims 10, 13 and 14 
are withdrawn from consideration for being directed to non-elected subject matter. Claims 9, 15, 
24-36 and 38-49 are currently under examination. 

Response to Amendment 

The rejection of claims 9, 15, 23-29 under 35 U.S.C.l 12 1 st paragraph has been 
withdrawn in light of Applicant's amendment. 

The rejection of claims 30-39 under 35 U.S.C.l 12 2 nd paragraph has been withdrawn in 
light of Applicant's amendment. 

The rejection of claims 9, 24-27, 29-34, 36-39 under 35 U.S.C.l 02 (b) has been 
withdrawn in light of Applicants' amendment. 

Claims 9, 15, 24-36, 38-49 are rejected under 35 U.S.C.l 03 (a) for reason discussed 
below, necessitated by Applicant's amendment. 

New Grounds of Rejection Necessitated by Amendment 
Claim Rejections - 35 USC § 103 

The following is a quotation of 35 U.S.C. 103(a) which forms the basis for all 
obviousness rejections set forth in this Office action: 

(a) A patent may not be obtained though the invention is not identically disclosed or described as set forth in 
section 102 of this title, if the differences between the subject matter sought to be patented and the prior art are 
such that the subject matter as a whole would have been obvious at the time the invention was made to a person 
having ordinary skill in the art to which said subject matter pertains. Patentability shall not be negatived by the 
manner in which the invention was made. 

This application currently names joint inventors. In considering patentability of the 
claims under 35 U.S.C. 103(a), the examiner presumes that the subject matter of the various 
claims was commonly owned at the time any inventions covered therein were made absent any 
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evidence to the contrary. Applicant is advised of the obligation under 37 CFR 1.56 to point out 
the inventor and invention dates of each claim that was not commonly owned at the time a later 
invention was made in order for the examiner to consider the applicability of 35 U.S.C. 103(c) 
and potential 35 U.S.C. 102(e), (f) or (g) prior art under 35 U.S.C. 103(a). 

Claims 9, 15, 24-27, 29-34, 36, 38-41 and 49 are rejected under 35 U.S.C. 103(a) as 
being unpatentable over Zubiaga et al., in view of Banholzer et al. 

Zubiaga et al. disclose an expression vector comprising c-fos promoter operatively linked 
to globin gene, wherein several ARE isolated from c-fos is inserted into 3'UTR of the globin 
gene, pBBB+ARE, resulting in sets of cell lines comprises different expression constructs. 
Zubiaga et al. also disclose a control plasmid pBAARE, in which it comprises the 53bp 3' UTR 
from c-fos inserted downstream of (3-globin stop codon (see page 2220, 2 nd col., Result section, 
1 st paragraph). Zubiaga et al. also disclose that a plasmid pRSV-lacZ, comprising a gene coding 
for expression of lacZ, 5'and 3'UTR for expression of said gene without mRNA instability 
sequence (see page 2221, 1 st col., 2 nd paragraph, lines 4-9), which serves as an internal control 
for correction for variations in transfection efficiency. Zubiaga et al. further disclose a second 
control plasmid pGB-ARE contains a fragment from GAPDH coding sequence inserted in frame 
within the 5' half of the globin coding region, and same elements from pBBB+ARE (see page 
2221, bridging paragraph). Lastly, Zubiaga et al. disclose that the internal control construct, the 
second control plasmid pGB-ARE and the expression plasmid pBBB+ARE are co-transfected 
into NM-3T3 cells (see page 2221, 1 st col., 2 nd paragraph, lines 1-4), and plasmid constructs 
comprising different ARE sequence are transfected separately into NIH-3T3 cells (see for 
example, Figure 1). Zubiaga et al. do not teach an assay system for screening compounds which 
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destabilize mRNA that comprises a cell line as claimed in claim 9 and a test compound, and 
wherein the cell line is stably transfected. 

Banholzer et al. disclose that rapamycin promotes degradation of IL-3 transcripts at 
posttranscriptional level via 3' UTR (see page 3257, 2 nd col., 1 st paragraph). Banholzer et al. 
disclose two cell lines stablv transfected with IL-3 expression system either with (VD1-M1) or 
without (VD1-M1AAU) mRNA instability sequence (3' UTR) (see page 3256, 1 st col., lines 1-3). 
Banholzer et al. teach that the cell lines V2D1, V3D6 are autocrine tumor cell lines, as such the 
cell lines are of native cell type in which the IL3 RNA instability sequence is produced (see page 
3255, 2 nd col., Result section: 1 st paragraph). Banholzer et al. also disclose that following 
rapamycin and FK506 treatment, endogenous and exogenous wild type IL-3 decayed with very 
similar kinetics (see Figure 3b, left panel) whereas the exogenous mutant IL-3 mRNA level is 
not affected by either compound (Figure 3b, right panel, and 3c). The method and assay system 
disclosed by Banholzer et al. identifies rapamycin and FK506 as compounds that induce mRNA 
degradation. 

It would have been obvious for one of ordinary skill in the art to develop an assay system 
as taught by Banholzer that is able to screen compounds such as rapalogs for their ability to 
modulating the mRNA instability sequence. Based on the teaching of Zubiaga, the ordinary 
skilled in the art would have been motivated to screening compounds that would affect ARE 
sequence instability using the heterologous expression construct as disclosed in Zubiaga et al. 
One of ordinary skill in the art would also be motivated to use stably transfected cell lines 
because they are easy to maintain such that one does not have to do transfection every time to 
test a compound. The level of skill in the art is high. Absent evidence from the contrary, one of 
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ordinary skilled in the art would have reasonable expectation of success to use the cell line taught 
by Zubiaga as a system to test compounds and make the cell line a stably transfected cell for said 
purpose. Therefore, the claimed invention would have been prima facie obvious at the time the 
invention was made. 

Claims 28 and 35 are rejected under 35 U.S.C. 103(a) as being unpatentable over Zubiaga 
et al., in view of Banzohler et al., as applied to claims 9, 15, 24-27, 29-34, 36, 38, 39, 41 and 49, 
and further in view of Lemm and Ross (Molecular and Cellular Biology, 2002, Vol 22, No. 12, 
pages 3959-3969). 

The teachings of Zubiaga and Banzholer et al. are discussed above. However, Zubiaga 
and Banzholer et al. references do not teach a coding region instability determinant as the 
instability sequence. 

Lemm and Ross teach a 249 nucleotide coding region from c-myc destabilizes c-myc 
mRNA. Lemm and Ross also teach that said nucleotide sequence destabilizes beta-globin 
mRNA when inserted in frame within the coding region of said beta-globin gene (see page 3959, 

2 nd col., 2 nd paragraph). 

The obviousness of making a stably transfected cell line comprising constructs coding for 
a protein with instability sequences and use said cell line to identify compound that affect 
stability of the sequences were discussed above. It would have been obvious to one of ordinary 
skill in the art to use the cell lines with constructs that have instability sequence as taught by 
Zubiaga et al. and/or Banzholer to test compounds that affect coding region instability 
determinants (CRD) from c-myc based on the combined teaching of Zubiaga, Banzholer and 
Lemm and Ross. The ordinary artisan would insert the CRD into the expression construct as 



Application/Control Number: 1 0/8 14,634 Page 6 

Art Unit: 1636 

taught by either Zubiaga or Banzholer and determine whether such instability is modulate by any 
compound such as the Rapamycin destabilizes IL-3 mRNA. All the claimed elements were 
known in prior art and one skilled in the art could have combined the elements as claimed by 
known methods with no change in their respective functions, and the combination would have 
yielded predictable results to one of ordinary skill in the art at the time the invention was made. 
Absent evidence from the contrary, the ordinary artisan would have reasonable expectation of 
success to insert the CRD into a construct which can then be stably transfected into a cell line for 
testing compounds. Therefore, the invention would have been prima facie obvious to one of 
ordinary skill in the art at the time the invention was made. 

As for the priority date for claims 28 and 35, it does not enjoy the priority to the 
09/869,159 application because the limitation of "DNA corresponding to one or more CRD from 
the coding region of said naturally occurring genes" is not described in the '159 application. The 
instant application is a CIP of the '159 application, and the newly presented material in the 
instant application has priority date of the instant application, which is 4/1/04. Therefore, the 
Lemm and Ross references published in 2002 is considered as prior art for this reason. 

Claim 43 and 47 are rejected under 35 U.S.C. 103(a) as being unpatentable over Zubiaga 
et al., in view of Banzohler et al., as applied to claims 9, 15, 24-27, 29-34, 36, 38, 39, 41 and 49, 
and further in view of Kastelic et al (Cytokine, 1996. Vol. 8, No. 10, pages 751-761). 

The teachings of Zubiaga and Banzholer et al. are discussed above. However, Zubiaga 
and Banzholer et al. references do not teach the instability sequence is from the gene coding for 
IL-lp. 
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Kastelic et al. teach IL-lp, IL-6 and TNF-a mRNA comprises instability sequence 
AUUUA, in the 3' UTR (see page 757, Table 1). Kastelic et al. further teach that said AU 
elements are sufficient to confer the destabilizing effect of radicicol analogue A in an reporter 
gene expression system (see page 758, 1 st col., 2 nd paragraph). 

The obviousness of making a stably transfected cell line comprising constructs coding for 
a protein with instability sequences and use said cell line to identify compound that affect 
stability of the sequences were discussed above. It would have been obvious to one of ordinary 
skill in the art to use the cell lines with constructs that have instability sequence as taught by 
Zubiaga et al. and/or Banzholer to test compounds that affect the AUUUA mRNA instability 
sequence from IL-1 P and TNF-a based on the combined teaching of Zubiaga, Banzholer and 
Kastelic et al. The ordinary artisan would insert the AUUUA instability sequence from IL-1 p 
and TNF-a into the expression construct as taught by either Zubiaga or Banzholer and determine 
whether such instability is modulate by any compound other than radicicol analogue A. All the 
claimed elements were known in prior art and one skilled in the art could have combined the 
elements as claimed by known methods with no change in their respective functions, and the 
combination would have yielded predictable results to one of ordinary skill in the art at the time 
the invention was made. Absent evidence from the contrary, the ordinary artisan would have 
reasonable expectation of success to insert the AUUUA instability sequence from IL-ip and 
TNF-a into a construct which can then be stably transfected into a cell line for testing 
compounds. Therefore, the invention would have been prima facie obvious to one of ordinary 
skill in the art at the time the invention was made. 
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Claim 48 is rejected under 35 U.S.C. 103(a) as being unpatentable over Zubiaga et al., in 
view of Banzohler et al., as applied to claims 9, 15, 24-27, 29-34, 36, 38, 39, 41 and 49, and 
further in view of Levy et al (JBC, 1996, Vol. 271, No. 5, pages 2746-2753). 

The teachings of Zubiaga and Banzholer et al. are discussed above. However, Zubiaga 
and Banzholer et al. references do not teach the instability sequence is from the gene coding for 
VEGF. 

Levy et al. teach 3'UTR from the VEGF coding sequence comprises AU rich sequences 
that may be responsible for the increased expression of VEGF in response to hypoxia (see page 
2749, 2nd col., 4 th paragraph), wherein deletion of the sequences increases the mRNA stability 
(see page 2748, 1 st col., last paragraph). 

The obviousness of making a stably transfected cell line comprising constructs coding 
for a protein with instability sequences and use said cell line to identify compound that affect 
stability of the sequences were discussed above. It would have been obvious to one of ordinary 
skill in the art to use the cell lines with constructs that have instability sequence as taught by 
Zubiaga et al. and/or Banzholer to test compounds that affect the AUUUA mRNA instability 
sequence from VEGF based on the combined teaching of Zubiaga, Banzholer and Levy et al. 
The ordinary artisan would insert the AUUUA instability sequence from VEGF into the 
expression construct as taught by either Zubiaga or Banzholer and determine whether such 
instability is modulate by test compounds similar to the effect of hypoxia. All the claimed 
elements were known in prior art and one skilled in the art could have combined the elements as 
claimed by known methods with no change in their respective functions, and the combination 
would have yielded predictable results to one of ordinary skill in the art at the time the invention 
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was made. Absent evidence from the contrary, the ordinary artisan would have reasonable 
expectation of success to insert the AUUUA instability sequence from VEGF into a construct 
which can then be stably transfected into a cell line for testing compounds. Therefore, the 
invention would have been prima facie obvious to one of ordinary skill in the art at the time the 
invention was made. 

Claim 44 is rejected under 35 U.S.C. 103(a) as being unpatentable over Zubiaga et al., in 
view of Banzohler et al., as applied to claims 9, 15, 24-27, 29-34, 36, 38, 39, 41 and 49, and 
further in view of Rajagopalan et al (Journal of Neurochem. 2000. Vol74, pages 52-59). 

The teachings of Zubiaga and Banzholer et al. are discussed above. However, Zubiaga 
and Banzholer et al. references do not teach the instability sequence is from the gene coding for 
APP. 

Ragagopalan et al. teach that a 29 nt nucleotide in the 3'UTR of the APP gene confers 
instability of the APP mRNA, wherein its function may be inhibited by a combination of growth 
factors (see abstract, and page 55, 2 nd col., through page 56, 1 st col. and Figure 3). 

The obviousness of making a stably transfected cell line comprising constructs coding for 
a protein with instability sequences and use said cell line to identify compound that affect 
stability of the sequences were discussed above. It would have been obvious to one of ordinary 
skill in the art to use the cell lines with constructs that have instability sequence as taught by 
Zubiaga et al. and/or Banzholer to test compounds that affect the 29nt mRNA instability 
sequence from APP based on the combined teaching of Zubiaga, Banzholer and Rajagopalan et 
al. The ordinary artisan would insert the 29nt instability sequence from APP into the expression 
construct as taught by either Zubiaga or Banzholer and determine whether such instability is 
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modulate by test compounds similar to the effect of growth factors. All the claimed elements 
were known in prior art and one skilled in the art could have combined the elements as claimed 
by known methods with no change in their respective functions, and the combination would have 
yielded predictable results to one of ordinary skill in the art at the time the invention was made. 
Absent evidence from the contrary, the ordinary artisan would have reasonable expectation of 
success to insert the 29nt instability sequence from APP into a construct which can then be stably 
transfected into a cell line for testing compounds. Therefore, the invention would have been 
prima facie obvious to one of ordinary skill in the art at the time the invention was made. 

The priority date for claim 44 is determined as 4/1/04, which is the filing date of the 
instant application. This claim does not enjoy the priority to the 09/869,159 application because 
the limitation of "mRNA instability sequence from APP gene" is not described in the '159 
application. The instant application is a CIP of the '159 application, and the newly presented 
material in the instant application has priority date of the instant application, which is 4/1/04. 
Therefore, the Rajagopalan reference published in 2000 qualifies as prior art. 

Claim 45 is rejected under 35 U.S.C. 103(a) as being unpatentable over Zubiaga et al., 
in view of Banzohler et al., as applied to claims 9, 15, 24-27, 29-34, 36, 38, 39, 41 and 49, and 
further in view of Capaccioli et al. (Oncogene, 1996, Vol.13, pages 106-1 15). 

The teachings of Zubiaga and Banzholer et al. are discussed above. However, Zubiaga 
and Banzholer et al. references do not teach the instability sequence is from the gene coding for 
bcl-2a. 

Capaccioli et al. teach that bcl-2/Ig H expression is up-regulated in t(14,18) cells by 
treating cells with antisenses to the hybrid gene. Capaccioli et al. also teach that there is an AU 
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rich region at the 5' end of the 3' UTR of the bcl-2/IgH gene which might be masked by the 
antisense, such that the expression is increased. Capaccioli et al. teach that this AU motif is 
repeated in this region and highly conserved in mouse, chicken and human bcl-2 genes (see page 
112, 2 nd col.) 

The obviousness of making a stably transfected cell line comprising constructs coding for 
a protein with instability sequences and use said cell line to identify compound that affect 
stability of the sequences were discussed above. It would have been obvious to one of ordinary 
skill in the art to use the cell lines with constructs that have instability sequence as taught by 
Zubiaga et al. and/or Banzholer to test compounds that affect the AU rich motif mRNA 
instability sequence from bcl-2 based on the combined teaching of Zubiaga, Banzholer and 
Capaccioli et al. The ordinary artisan would insert the AU rich instability sequence from bcl-2 
gene into the expression construct as taught by either Zubiaga or Banzholer and determine 
whether such instability is modulate by test compounds or other factors that would regulate post 
transcriptional bcl-2 gene expression. All the claimed elements were known in prior art and one 
skilled in the art could have combined the elements as claimed by known methods with no 
change in their respective functions, and the combination would have yielded predictable results 
to one of ordinary skill in the art at the time the invention was made. Absent evidence from the 
contrary, the ordinary artisan would have reasonable expectation of success to insert the AU rich 
instability sequence from bcl-2 into a construct which can then be stably transfected into a cell 
line for testing compounds. Therefore, the invention would have been prima facie obvious to 
one of ordinary skill in the art at the time the invention was made. 
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Claim 46 is rejected under 35 U.S.C. 103(a) as being unpatentable over Zubiaga et al., in 
view of Banzohler et al., as applied to claims 9, 15, 24-27, 29-34, 36, 38, 39, 41 and 49, and 
further in view of Yeilding et al (Molecular and Cellular Biology, 1996. Vol. 16, No. 7, pages 
3511-3522). 

The teachings of Zubiaga and Banzholer et al. are discussed above. However, Zubiaga 
and Banzholer et al. references do not teach the instability sequence is from the gene coding for 
VEGF. 

Yeilding et al. teach that the 3'UTR and exon 3 of the c-myc gene coding sequence 
comprises sequences that are responsible for maintaining low level of mRNA during myoblast 
differentiation (see page bridging paragraph from page 3513-3514), wherein deletion of the 
sequences increases the mRNA stability (see page 3517, 1 st col-2 nd col., and bridging paragraph 
of page 3518-3519). 

The obviousness of making a stably transfected cell line comprising constructs coding 
for a protein with instability sequences and use said cell line to identify compound that affect 
stability of the sequences were discussed above. It would have been obvious to one of ordinary 
skill in the art to use the cell lines with constructs that have instability sequence as taught by 
Zubiaga et al. and/or Banzholer to test compounds that affect the mRNA instability sequence 
from c-myc based on the combined teaching of Zubiaga, Banzholer and Yielding et al. The 
ordinary artisan would insert the 3'UTR or the exon 3 instability sequence from c-myc into the 
expression construct as taught by either Zubiaga or Banzholer and determine whether such 
instability is modulate by test compounds similar that regulates c-myc expression. All the 
claimed elements were known in prior art and one skilled in the art could have combined the 
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elements as claimed by known methods with no change in their respective functions, and the 
combination would have yielded predictable results to one of ordinary skill in the art at the time 
the invention was made. Absent evidence from the contrary, the ordinary artisan would have 
reasonable expectation of success to insert the instability sequences from c-myc into a construct 
which can then be stably transfected into a cell line for testing compounds. Therefore, the 
invention would have been prima facie obvious to one of ordinary skill in the art at the time the 
invention was made. 

Claim 42 is rejected under 35 U.S.C. 103(a) as being unpatentable over Zubiaga et al, in 
view of Banzohler et al., as applied to claims 9, 15, 24-27, 29-34, 36, 38, 39, 41 and 49, and 
further in view of Zhang et al (Biochemical and Biophysical Research Communications, 1996. 

Vol. 227, No.3, pages 707-71 1). 

The teachings of Zubiaga and Banzholer et al. are discussed above. However, Zubiaga 
and Banzholer et al. references do not teach the detectable signal is detected directly. 

Zhang et al. teach several reporter genes, such as secreted alkaline phosphatase, B-gal, 
firefly luciferase, CAT and GFP can be used in in vivo reporter assays (see page 707, 3 rd 
paragraph). Zhang et al. further teach that GFP is an important reporter because it has 
advantages over other reporter for not requiring additional cofactors, substrates, or additional 
gene products. Zhang et al. further teach the generation of a humanized EGFP that has great 
sensitivity and stability (see bridging paragraph of 708 and 709). 

It would have been obvious to one of ordinary skill in the art to develop a method of 
screening compound that modulate mRNA instability by using an expression cassette comprising 
a reporter in which the signal may be directly measured such as GFP reporter gene and a mRNA 
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instability sequence inserted into 3'UTR of said reporter gene based on the teaching of 
Banhozler et al., Zubiaga et al., and Zhang et al. Banhozler et al. has demonstrated that 
compounds such as rapamycin can be tested for its ability to affect mRNA instability in a 
construct comprising the mRNA sequence down stream of the AP gene. Since the ARE 
instability region has already been identified as taught in Zubiaga et al., it can be inserted to 
3'UTR of any known gene, including a reporter gene such as GFP. One of ordinary skill in the 
art would have been motivated to do so because the advantages offered by a GFP reporter over 
measuring mRNA stability by Northern blot, such as the non-invasive nature of direct 
measurement of fluorescent intensity. The level of skill in the art of molecular cloning is high. 
Absent evidence from the contrary, one of ordinary skill in the art would have reasonable 
expectation of success to make a stably transfected cell line comprising an expression cassette 
comprising a GFP reporter and mRNA instability sequence to screen for compounds that 
modulate mRNA instability. All the claimed elements were known in prior art and one skilled in 
the art could have combined the elements as claimed by known methods with no change in their 
respective functions, and the combination would have yielded predictable results to one of 
ordinary skill in the art at the time the invention was made. Therefore, the invention would have 
been prima facie obvious to one of ordinary skill of art at the time the invention was made. 

Conclusion 

No claims are allowed. 
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Applicant's amendment necessitated the new ground(s) of rejection presented in this 
Office action. Accordingly, THIS ACTION IS MADE FINAL. See MPEP § 706.07(a). 
Applicant is reminded of the extension of time policy as set forth in 37 CFR 1.136(a). 

A shortened statutory period for reply to this final action is set to expire THREE 
MONTHS from the mailing date of this action. In the event a first reply is filed within TWO 
MONTHS of the mailing date of this final action and the advisory action is not mailed until after 
the end of the THREE-MONTH shortened statutory period, then the shortened statutory period 
will expire on the date the advisory action is mailed, and any extension fee pursuant to 37 
CFR 1.136(a) will be calculated from the mailing date of the . advisory action. In no event, 
however, will the statutory period for reply expire later than SIX MONTHS from the date of this 
final action. 

Any inquiry concerning this communication or earlier communications from the 
examiner should be directed to CELINE X. QIAN whose telephone number is (571)272-0777. 
The examiner can normally be reached on 10-6:30 M-F. 

If attempts to reach the examiner by telephone are unsuccessful, the examiner's 
supervisor, Joe Woitach Ph.D. can be reached on 571-272-0739. The fax phone number for the 
organization where this application or proceeding is assigned is 571-273-8300. 
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Information regarding the status of an application may be obtained from the Patent 
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INDUCTION OF RAPID IL-ip mRNA 
DEGRADATION IN THP-1 CELLS MEDIATED 
THROUGH THE AU-RICH REGION IN THE 3'UTR 
BY A RADICICOL ANALOGUE 

Tania Kastelic, Jorg Schnyder, Albert Leutwiler, Rene Traber 1 
Bruno Streit, Heinz Niggli, Andrew MacKenzie, Dominique Cheneval 



A radicicol analogue (analogue A) was found to inhibit interleukin 1 beta (IL-IP) and tumour 
necrosis factor alpha (TNF-a) secretion from THP-1 cells. If added to cells activated by 
interferon gamma and lipopolysaccharide, radicicol analogue A not only inhibited the secretion 
of IL-lp but also induced an extremely rapid degradation of IL-lp, IL-6 and TNF-a mRNA 
to undetectable levels within 5-8 h. This degradation is independent of translation and of the 
signal inducing transcription. The common feature of these genes is the inclusion of one or more 
copies of the mRNA-instability sequence, AUUUA, in the 3' untranslated region. Indeed, no 
destabilizing effect of radicicol analogue A could be observed on mRNA derived from the 
expression of an IL-ip construct lacking the AUUUA motifs of the 3'UTR. The effect of 
radicicol analogue A on protein/mRNA interaction and on post-translational modifications of 
cytoplasmic proteins is described. This class of compound constitutes a valuable tool for the 
further elucidation of the mechanism of mRNA degradation of cytokines and proto-oncogenes. 

<£> 1996 Academic Press Limited 




Interleukin 1 beta (IL-lp) is a major mediator of 
inflammation. 1,2 Together with tumour necrosis factor 
alpha (TNF-a), it contributes to the pathogenesis of 
inflammation and tissue destruction, e.g. in the joints 
of arthritis patients. IL-ip is synthesized primarily by 
monocytes as an inactive p33 precursor which is 
cleaved by the interleukin 1 beta-converting enzyme 
(ICE), to yield mature IL-lp. 3 Proof of the central 
role of these cytokines in inflammation is provided 
by the findings that IL-1 receptor antagonist (IL-lra), 
soluble IL-1 receptor (IL-lsr) or antibodies to IL-1 
and TNF-a, all block acute and chronic inflammatory 
responses in animal models. 4 " 7 Because IL-ip and 
TNF-a are both regulated at the transcriptional 
and translational level, 8 * 9 reduction in IL-1 P levels 
represents an alternative means of inhibiting the 
inflammatory response. 

THP-1 cells, after differentiation with interferon 
gamma (IFN-y), mimic native monocyte-derived 
. macrophages in several respects, 9,10 most importantly, 
in becoming responsive to both lipopolysaccharide 
(LPS) and phorbol-12-myristate-13-acetate (PMA), 
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which stimulate the secretion of mature IL-ip and 
TNF-a. THP-1 cells provide a valuable model system 
for studying the mechanisms involved in cytokine 
processing and secretion. 

It has become evident that besides being regulated 
at the transcriptional level, many eukaryotic genes 
are also regulated by the stability/instability of their 
mRNA. The mechanism of mRNA degradation and 
the existence of instability sequence determinants, only 
recently became the subject of detailed studies (for a 
review see Ref. 1 1). Several types of sequence elements 
have been identified which modulate mRNA decay 
rates, which can vary from minutes to over 24 h in 
an eukaryotic cell. 12 In 1986, Caput et al. 13 reported 
the identification of a sequence (TTATTTAT) in the » 
3' untranslated region (3'UTR), common to inflamma- 
tory mediators and other transiently expressed genes, 
such as the immediate early gene, c-fos. Shaw 
and Kamen reported that these conserved AU-rich 
elements (AREs) in the 3'UTR, confer selective mRNA 
degradation. 14 Recently, TTATTTATT was deter- 
mined to be the minimal consensus sequence necessary 
to confer instability. 15 However, neighbouring elements 
or the metabolic state of the cell type in which the 
gene is expressed, may also play a role. 16 More- 
over, instability of granulocyte-macrophage colony- 
stimulating factor (GM-CSF) mRNA conferred by the 
AU motif requires active transcription and the presence 
of the AU motif in the 3' UTR, between stop codon 
and polyA tail. 17 The AREs represent binding sites for 
both nuclear and cytoplasmic proteins. 17 " 26 
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Figure 1. Chemical Structure of radicicol analogue A 

The results presented here seem to indicate that 
the effects of radicicol analogue A seen on IL-ip 
mRNA and protein levels in THP-1 cells, are due to 
post-transcriptional regulation. We describe the rapid 
decay of IL-ip mRNA seen after addition of radicicol 
analogue A, and investigations into the mechanism of 
action of this compound. 

RESULTS 

Inhibition of the secretion of mature IL-lfl from 
THP-1 cells 

Radicicol analogue A, C20H24CV ((75,125,135)- 
(9Z1 5E)-4, 12, 1 3-trihydroxy- 1 ,2-dimethoxy-7-methyl- 



8, 1 2, 1 3, 1 4 - tetrahydro-7[H]- 6- oxabenzocyclotetradecene- 
5,1 1-dione) (Fig. 1), was isolated from the fungus strain 
F/87-2509.04 after finding IL-lp inhibitory activity 
in a human monocyte/rabbit chondrocyte co-culture 
test. 27 This compound also inhibited the secretion of 
mature IL-ip from THP-1 cells. IC*, was 50 and 30 nM 
for IL-ip and TNF-a, respectively. After stimulation 
with IFN-y and LPS, a lag of about 16 h occurred 
before IL-1(3 secretion significantly increased and 
reached maximal levels around 48 h. When added 
5min prior to IFN-y, radicicol analogue A (1 ^M) 
greatly reduced the levels of IL-ip secreted, and 
increased the lag to approximately 24 h after addition 
of LPS (Fig. 2). IL-ip mRNA levels in untreated cells, 
started to rise 2 h after LPS addition and reached a 
maximum at 16-24 h. However, in the presence of 
radicicol analogue A, mRNA expression was not 
detected until 16 h after LPS addition and was 
significantly reduced (Fig. 2, inset). Even though 
radicicol analogue A strongly inhibited the secretion up 
to about 24 h, the effect after this time was weakening. 
This appears to be due to a loss or consumption of the 
compound, because a second addition of compound 
at later times restored full inhibition. The inhibition 
of IL-1(J mRNA accumulation was concentration 
dependent and could be observed at concentrations of 
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Figure 2. IX-ip secretion from THP-1 cells and IL-ip mRNA levels in THP-1 cells during differentiation in the 
absence and presence of radicicol analogue A. 

Time course of IL-lp secretion from THP-1 cells measured by ELISA. The time indicated represents hours after 
LPS addition (see Materials and Methods). Cell media were harvested and centrifuged in an Eppendorf centrifuge 
for 5min (12 000 x g). The supernatants were then assayed for IL-lp by ELISA. (■), no treatment; (A), 1 uM 
radicicol analogue A added 5 min prior to IFN-y addition. Insets: Total RNA was harvested at the indicated times 
and analysed for IL-ip mRNA by RT-PCR amplification and normalized to P-actin (see Materials and Methods). 
Time course of IL-lp gene expression during the differentiation of THP-1 cells in the absence (inset A) and the 
presence (inset B) of 1 uM radicicol analogue A. 
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radicicol analogue A in the nanomolar range (data 
not shown). 

Induction of IL-lfi mRNA degradation by 
radicicol analogue A 

As shown in Figure 3A, radicicol analogue A 
when added 16 h after LPS stimulation, virtually 
abolished IL-ip secretion from THP-1 cells. In fact, 
this inhibition occurred even if radicicol analogue A 
was added as late as 24 h after LPS addition. To 
investigate this effect further, we treated THP-1 cells 
with actinomycin D 16 h after LPS addition and 
monitored IL-ip secretion at subsequent times. As 
depicted in Figure 3B, IL-ip release continues to 
increase after the addition of actinomycin D, 
presumably due to translation of mRNA present at the 



time of addition. Secretion completely stopped after 
adding cycloheximide (CHX). In this respect, CHX and 
radicicol analogue A behave similarly. In order to 
determine whether the effect of radicicol analogue A is 
simply due to an inhibition of transcription and the 
observed mRNA decrease reflects the normal half-life 
of IL-lp mRNA in THP-1 cells under our cell culture 
conditions, the effects of adding actinomycin D 16 h 
after LPS addition were compared. Based on IL-lp 
mRNA analysis in differentiated cells, maximal levels 
of IL-lp mRNA were present at this time. Eight hours 
after the addition of actinomycin D, the mRNA level 
for IL-ip was reduced to about 80% of its control 
value in contrast to the complete disappearance seen 
with radicicol analogue A at 1 jiM (Fig. 4). Under these 
conditions, P-actin mRNA was unaffected (not shown). 
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Figure 3. 
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IL-lp secretion from THP-1 cells. 



(A) After addition of radicicol analogue A. IL-ip secretion measured by 
ELISA is shown when radicicol analogue A (1 uM) is added at various 
times after the addition of LPS during the differentiation of THP-1 cells. 
(□), radicicol analogue A added at time = 16 h; (♦), radicicol analogue 
A added at time - 24 h; (A), radicicol analogue A added at time = 48 h; 
(■), control, no compound added, (mean ± SD; n = 3, not shown when 
/><0.05). (B) IL-ip secretion from THP-1 cells after addition of 
transcription and translation inhibitors. IL-ip secretion was measured by 
ELISA either after actinomycin D (lOug/mi), (□), or cycloheximide 
(20 uM), (♦), were added to differentiating THP-1 cells 16 h after LPS 
addition. (■), control cells, no compound added. The figure represents a 
typical result of three experiments. 
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After actinomycin D treatment, mRNA continued 
to decrease to undetectable levels by 56 h. However, 
treatment with radicicol analogue A led to a re- 
appearance of IL-ip message by 56 h almost to the 
level seen in untreated cells, consistent with the loss of 
effect observed at the protein level described above. 
IL-ip mRNA appears to be very stable after addition 
of actinomycin D whereas radiciol analogue A induces 
a rapid disappearance of message. mRNA half-lives 
were determined to be 15 and 2 h for actinomycin D 
and radicicol analogue A, respectively. proIL-ip 
protein levels remained high for longer than 5 h after 
addition of radicicol analogue A, even though the 
mRNA for IL-lp had disappeared. Only after 8 h was 
a decrease in the level of proIL-ip protein in the 
presence of radicicol analogue A observed, most likely 
reflecting proIL-lp protein half-life (results not 
shown). In untreated control cells, the level of proIL-1 p 
protein remained constant up to 32 h after LPS 
stimulation. However, as seen in Figure 3A, secretion 
of mature IL-ip, in the presence of radicicol analogue 
A, stopped immediately, raising the question of why 
processing and subsequent secretion of proIL-ip does 
not continue if the effect of radicicol analogue A is on 
mRNA degradation alone. One possible explanation 
relates to the observation that radicicol analogue A 
also inhibits the autocatalytic processing of p45 ICE 
to its active pl0/p20 subunits (Ref. 28, P. Ramage and 
D. Cheneval unpublished observation). It is possible 
that the inhibition of post-translational processing and 
secretion might be functionally linked to the mRNA 
degradation effects of radicicol analogue A. Although 
a number of radicicol analogues were found to be 
capable of inhibiting IL-1 p secretion from THP-1 cells, 
most of them had no effect on mRNA stability, 
suggesting two independent activities of radicicol 
analogue A (results not shown). Structural differences 
in the radicicol family apparently are able to determine 
different mechanisms of action. A number of recent 
reports conclude that RNA degradation is coupled to 
ongoing translation. 15 " 17 Even though CHX leads to a 
slight increase in mRNA levels for IL-lp (Fig. 4B, 
middle panel), radicicol analogue A could still induce 
mRNA degradation effectively in the presence of CHX, 
indicating that radicicol analogue A overrides any 



possible requirement for ongoing translation. PMA, 
which was reported to stabilize IL-ip mRNA in THP-1 
cells, 29 also increased the half-life of GM-CSF mRNA 
compared to phytohaemagglutinin stimulated cells. 14 
Interested to learn if PMA could compensate for the 
degradation induced by radicicol analogue A, THP-1 
cells were stimulated with PMA instead of IFN-y. 
Figure 4C shows that PMA had no effect on the 
efficacy of radicicol analogue A, suggesting that the 
mechanism of IL-lp mRNA degradation by radicicol 
analogue A is independent of the stimulant used. Since 
we had previously found that radicicol analogue A also 
inhibited the secretion of TNF-a and IL-6 from THP-1 
cells, RT-PCR analysis of the same total RNA used 
in the experiment described in Figure 4A and B, 
was performed for TNF-a and IL-6 mRNA levels. 
Figure 5A shows the results of this analysis compared 
to the effect seen on IL-ip mRNA; Because a common 
feature of the genes shown in Figure 5A is the presence 
of an AU-rich mRNA instability sequence in the 
3' UTR, we decided to analyse a set of genes not 
containing this motif. As shown in Figure 5B, none of 
these genes were sensitive to radicicol analogue A. 

Radicicol analogue A exerts its effect on IL-lp 
mRNA through the ARE in the 3' UTR 

The correlation between a mRNA destabilizing 
effect of radicicol analogue A and the presence of an 
ARE, could be strengthened further by analysing a 
number of other ARE-containing genes (Table 1). 
However, molecular proof could only be obtained by 
a more detailed analysis of the role of the 3'UTR. 
In order to achieve this, a cDNA encoding human 
IL-lp containing 344 bp of 3'UTR which lacked 
the AUUUA rich domain (Fig. 6), was obtained by 
RT-PCR amplification of total RNA isolated from 
THP-1 cells. A mammalian expression vector (see 
Materials and Methods section) containing the P 
cDNA lacking the ARE-containing 3'UTR (pHD- 
neo2-hIL-ip-3'UTR), was transfected into THP-1 cells 
and selected with G418 to obtain stable clones. When 
radicicol analogue A was added to LPS-stimulated 
THP-1 cells containing the construct, a rapid decrease 
of endogenous IL-ip mRNA was observed by 
the RNase protection method, whereas a sustained 



Figure 4. II>lp mRNA levels in THP-1 cells 

(A) In the presence of radicicol analogue A. 16 h after adding LPS to IFN-y differentiated THP-1 cells, either actinomycin D (20 ug/ml) or 
radicicol analogue A (compound A), 1 uM was added and total RNA was harvested at the indicated times thereafter. Northern blot analysis 
for IL-1 6 was then carried out and the results compared to untreated cells. Indicated times are hours after addition of either actinomycin D 
or radicicol analogue A. (B) IL-lp mRNA levels in THP-1 cells in the presence of CHX and radicicol analogue A. THP-1 cells were differentiated 
with IFN-v and 16 h after LPS addition, 20 uM cycloheximide alone or in combination with the radicicol analogue A was added. 1, 2, 5 and 
8 h later total RNA was isolated and analysed for IL-ip by Northern blotting. (C) IL-lp mRNA levels in THP-1 stimulated by PMA. THP-1 
cells were differentiated and stimulated by adding 5 ng/ml of PMA instead of IFN-y + LPS 16 h after the addition of PMA, radicicol analogue 
A was added. 1, 2, 5 and 8 h later, total RNA was isolated and analysed for IL-ip by Northern blotting, a: control, no compound added; b: 
in the presence of radicicol analogue A 1 uM; c: methylene blue staining as a control for equal loading. 
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Figure 5. (A) RT-PCR analysis of total RNA for IL-ip, TNF-a, and IL-6. (B) RT-PCR analysis of total RNA for c-jun, ICE, Rantes 
and HLA-DRa. 

std: molecular weight standard (Mspl digest of pBR322, NEB); a: control; b: radicicol analogue A, 1 uM; c: CHX, 20 uM; and d: 
actinomycin D, 20 ug/ml. Upper band: P-actin; lower band: gene as indicated on the left. 



expression of exogenous mRNA was observed (Fig. 7). 
This result clearly shows that the effects of radicicol 
analogue A are mediated by the deleted portion of the 
3'UTR containing the AU-rich region. Applying this 
method, we were able to show that all cell lines 
expressing exogenous mRNA lacking the AREs 
were not affected by radicicol analogue A, whereas 
endogenous IL-1(3 mRNA was rapidly degraded. 

Influence of radicicol analogue A on the binding 
of protein(s) to the AU-rich region of the 
3'UTR 

Recently, a number of AUUUA binding proteins 
have been described, some of which have been 
implicated in RNA degradation. The authors were 
interested to know whether radicicol analogue A would 
directly influence binding of such a protein to this 
region. For this purpose, gel-shift assays were 
conducted using a riboprobe derived from the 240-bp 
end of the 3'UTR of IL-ip containing six AUUUA 
motifs. Interestingly, the appearance of an additional, 
LPS-independent band during the time course after 
IFN-y-induced differentiation could be observed, 



which was not present in the extracts of undifferenti- 
ated cells. However, radicicol analogue A had no effect 
on the binding of cytoplasmic or nuclear proteins to 
the AU-rich region, either when added directly to the 
extracts or when extracts from cells treated with the 
radicicol analogue A were used (not shown), indicating 
an upstream effect on the mRNA binding of proteins. 
Radicicol analogue A was found to inhibit tyrosine 
phosphorylation of a number of proteins which are 
differentially expressed or differentially modified by a 
tyrosine kinase (Fig. 8). Based on these findings, 
we carried out supershift experiments using anti- 
phosphotyrosine antibodies. No further band shifts 
could be observed. Taken together, these results 
indicate that the effect of radicicol analogue A is not 
on direct protein/RNA interaction or on the state 
of phosphorylation of a protein/RNA complex at the 
AREs. Instead, it appears that radicicol analogue A 
modifies protein(s) which interact with AU-binding 
protein(s) but do not directly bind to the AREs. 
Whether the inhibitory effect on a tyrosine kinase is 
connected to the effects seen on mRNA, remains to be 
investigated. 
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TABLE 1. 


mRNA Instability 


Conferred by Radicicol 


Analogue A 








Containing 


Sensitive to 


mRNA 


AUUUA motifs radicicol analogue A 


IL-lp 


yes 


yes 


TNF-a 


yes 


yes 


IL-6 


yes 


yes 


c-myc* 


yes 


yes 


GM-CSF* 


yes 


yes 


IL-2t 


yes 


yes 


IL-3* 


yes 


yes 


E-selectinJ 


yes 


yes 


VCAM1J 


yes 


yes 


ICAMlf 


yes 


yes 


p-actin 


no 


no 


HPRT 


no 


no 


Rantes 


no 


no 


c-jun 


no 


no 


HLA-DRa 


no 


no 


ICE 


no 


no 



Shown arc genes investigated on the basis of their sensitivity towards radicicol 
analogue A and a correlation to the presence of AU-rich motifs. •: mRNA . 
steady state levels (G. Baumann, personal communication); J: observed in 
TNF-a stimulated HUVECS (D. Cheneval, G. Weitz, unpublished results); 
f: IL-2 reporter gene assay (G. Baumann, personal communication); ICE: 
IL-lp converting enzyme; HPRT: Hypoxanthine-guanine phosphoribosyl 
transferase; ICAM1: intercellular adhesion molecule 1; VCAM1: vascular cell 
adhesion molecule I; HLA: human leukocyte antigen. 

DISCUSSION 

The underlying mechanism for the observation 
that radicicol analogue A inhibits mature IL-1(3 
secretion from THP-1 cells seems to be the induction 
of mRNA instability. Radicicol analogue A (1 \xM) 
causes a very rapid degradation of mRNA and an 
inhibition of secretion of mature IL-ip, which is 
probably due to the inhibition of p45 proICE 
autoprocessing. Changes in mRNA stability play an 
important role in modulating the level of expression 
of many eukaryotic genes (see Cleveland and Yen 
for review, Ref. 31). A number of compounds give 
precedence for lowering mRNA stability of cytokine 
and other gene transcripts, although their mechanism 
of action is unknown. 32 - 38 IL-ip mRNA stability has 
been reported to be decreased by dexamethasone, 32 an 
effect which could be inhibited by the glucocorticoid 
receptor antagonist, mefipristone (RU 486). This 
compound did not modify the effects of radicicol 
analogue A in the present system, indicating that its 
effects are not mediated by the glucocorticoid receptor 
(not shown). Cyclosporin A was also tested because 
Nair et al. recently reported that it mediated RNA 
degradation of IL-3 through the ARE. 39 Because it has 
been reported that radicicol 40 could act through 
tyrosine kinases, 41 tyrosine kinase inhibitors, such as 
herbimycin and genistein, were assayed for their effect 
on RNA degradation. However, of these compounds, 
only the radicicol analogs and to a lesser extent 
dexamethasone, had the ability to induce IL-1 P mRNA 
degradation in THP-1 cells (results not shown). 



Radicicol has recently been reported to reverse 
the transformation of ^^-transformed fibroblasts, 
an effect the authors correlated to the decrease of 
p60 src autophosphorylation, as well as, other tyrosine- 
phosphorylated proteins. 42 In vitro, radicicol also 
inhibited autophosphorylation, as well as, transphos- 
phorylation of p60 vsre . 43 Furthermore, a selective 
inhibition of Cox II (cyclooxygenase type II) but not 
Cox I expression, was reported for radicicol in LPS, 
but not PMA-stimulated macrophages. 43 Radicicol 
inhibited tyrosine phosphorylation of p53/56 lyn , a Src 
family tyrosine kinase and one of the major 
tyrosine-phosphorylation kinases in LPS-stimulated 
macrophages. Whether the inhibition of p53/56 ,yn or 
another tyrosine kinase is responsible for the mRNA 
destabilizing effects of radicicol analogue A, is the 
subject of future studies. Radicicol itself was found 
to have IL-ip mRNA degrading abilities in our 
system, albeit less potent than radicicol analogue A. 
Radicicol analogue A also inhibited prostaglandin E 2 
(PGE 2 ) release from THP-1 cells with an IC 50 of 

* GGACCAAAGG CGGCCAGGAT ATAACTGACT TCACCATGCA 
ATTTGTGTCT TCCTAAAGAG AGCTGTACCC AGAGAGTCCT 
GTGCTGAATG TGGACTCAAT CCCTAGGGCT GGCAGAAAGG 
GAACAGAAAG GTTTTTGAGT ACGGCTATAG CCTGGACTTT 
CCTGTTGTCT ACACCAATGC CCAACTGCCT GCCTTAGGGT 
AGTGCTAAGA GGATCTCCTG TCCATCAGCC AGGACAGTCA 
GCTCTCTCCT TTCAGGGCCA ATCCCAGCCC TTTTGTTGAG 
CCAGGCCTCT CTCACCTCTC CTACTCACTT AAAGCCCGCC 
TGACAGAAAC CAGGCCACAT TTTGGTTCTA AGAAACCCTC 
CTCTGTCATT CGCTCCCACA TTCTGATGAG CAACC GCTTC 
CCTATTTATTTATTTATTTG TTTGTT TGTT TTGATTCATT 
GGTCTPJLTTTA TTCAAAGGG GGCAAGAAGT AGCAGTGTCT 
GTAAAAGAGC CTAGTTTTTA ATAGCTATGG AATCAATTCA 
ATTTGGACTG GTGTGCTCTC TTTAAATCAA GTCCTTTAAT 
TAAGACTGAA AATATATAAG CTCAGATTATTTAAATGGGA 
ATATTTATAA ATGAGCAAAT ATCATACTGT TCAATGGTTC 
TCAAATAAAC TTCACT 

Figure 6. 3' Untranslated region of IL-ip mRNA. 

The 3'UTR of human IL-lp is shown. AUUUA motifs are 
highlighted and italicized. The region downstream from the arrow 
was used for gel-retardation assays and was omitted in the construct 
used for THP-1 cell transfection and subsequent RNase protection 
assays (AAU-3'UTR). The region underlined was found to be 
sufficient to confer mRNA instability by the radicicol analogue A 
(results not shown). 
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Figure 7. RNase protection assay. 

A mammalian expression vector for the human IL-lp cDNA containing only 344 bp of the IL-lp 3'UTR and lacking 
all six AUUUA motifs (AAU-3'UTR), was transfected into THP-1 cells. Total RNA was harvested at various times 
of stimulation ( + /- 1 uM radicicol analogue A). Time of incubation with LPS is represented. IFN-y was added at 
-3 h and radicicol analogue A was added at 16 h. The RNase protection result of one cell line (THP-1-5/6) is shown 
vs un transfected THP-1 cells. 



120 nM and induced Cox II mRNA degradation in a 
similar manner as IL-lp (not shown). Radicicol 
analogue A did not inhibit cyclooxygenase at 10 \iM. 
It seems possible however, that post-translational 
inhibition of IL-ip secretion or PGE 2 release and 
mRNA degradation occur by two different pathways 
because it was found that many other radicicol analogs 
were able to block IL-ip secretion but had no effect on 
mRNA stability. 

It is interesting to note that all the genes so far 
shown to be affected in their mRNA accumulation 
or protein expression by radicicol analogue A, 
contain at least one copy of the consensus AUUUA 
sequence in the 3'UTR (Table 1), whereas all the 
genes which showed resistance to radicicol analogue 
A, do not. IL-ip contains six AUUUA elements, 
three of which are in tandem. Experiments with 
a luciferase gene expression system containing AU- 
rich elements of the IL-lp 3'UTR showed that a 
30-bp stretch containing the three tandem penta- 
nucleotide motifs (Fig. 6), is sufficient to confer the 
destabilizing effect of radicicol analogue A (results not 
shown). Gel-retardation assays and UV-crosslinking 



experiments carried out with riboprobes derived from 
the AUUUA-containing region of IL-ip 3'UTR, 
indicate that radicicol analogue A has no effect on 
protein binding to mRNA at the ARE. However, 
it inhibits tyrosine phosphorylation of a number 
of differentially expressed proteins or inhibits a 
differentially expressed tyrosine kinase. An AUUUA- 
binding protein in THP-1 cells, was also differentially 
expressed or modified in IFN-y-stimulated cells. The 
luciferase gene expression assay mentioned above, 
showed a significant decrease in luciferase activity 
induced by radicicol analogue A, only in differen- 
tiated cells. The fact that mRNA degradation by 
radicicol analogue A is seen only in differentiated cells, 
seems to indicate that at least part of the mRNA 
degrading machinery is expressed differentially or that 
this compound is able to block a differentiation- 
induced increase in IL-ip mRNA stability. This 
might explain why radicicol analogue A showed an 
effect independent of whether PMA or IFN-y 
was used to induce this differentially expressed 
gene. Radicicol analogue A might influence post- 
translational modification(s) on protein(s) belonging to 
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Figure 8. Western blot analysis using anti-tyrosine antibodies. 

THP-1 cells were differentiated and radicicol analogue A (I uM) 
was added 16 h after LPS addition. Whole cell extracts from various 
stages of differentiation were loaded on a 4-20% Novex SDS-PAGE 
gel and probed by Western blot analysis using anti-phosphotyrosine 
antibodies (Upstate Biotechnology Inc.). Indicated times are hours 
after addition of LPS. Arrows indicate proteins affected by radicicol 
analogue A. 

a protein complex interacting with proteins binding 
to the ARE of IL-lp mRNA. In this manner, radicicol 
analogue A is able to override the differentiation- 
induced mRNA stabilization of IL-ip in THP-1 cells, 
rather than directly influencing mRNA binding of 
protein(s) to the AREs. 



MATERIALS AND METHODS 

Tissue culture 

The human monocytic leukaemia cell line, THP-1, was 
grown in RPMI medium supplemented with llOU/ml 
penicillin, lOOug/ml streptomycin, 2 mM L-glutamine, 
50 uM 2-mercaptoethanol and 2 g/1 NaHC0 3 . Heat-treated 
fetal bovine serum (FBS) (5%) was added before use. The 
cells were grown to a density of 5 x 10 5 /ml and then 
stimulated with IFN-y (lOOU/ml). Three hours later, LPS 
(5 ug/ml) was added. This time point was designated time 0. 
Compounds were added either 5 min before adding IFN-y or 
at various times after LPS addition. 



ELISA 

Enzyme-linked immunoabsorbent assays (ELISA) were 
carried out with commercially available kits obtained from 
Cayman Chemical Company (Ann Arbor, MI) according to 
the manufacturer's protocol. 

RNA isolation and analysis 

Total cellular RNA was isolated from THP-1 cells at 
different times after the initiation of differentiation using the 
guanidine isothiocyanate method of Chirgwin et a/. 44 Each 
RNA sample (20 ug) was denatured and analysed on a 1 % 
agarose gel containing 2.2 M formaldehyde. The gel was 
transferred to Hybond-N (Amersham, UK), UV-crosslinked 
by the StratageneStratalinker (1600 uJ x 100) and judged for 
equal loading of RNA by methylene blue staining. Blots were 
hybridized to a digoxigenin (DIG)-labelled DNA probe. 
Labelling and detection was carried out by the DIG kit 
(Boehringer Mannheim, Germany) according to the manu- 
facturer's specifications. DNA probes were obtained by sub- 
cloning RT-PCR derived fragments of the genes of interest, 
into pGemT-vector (Promega, Madison, WI). For the 
RT-PCR analysis, 1 ug of total RNA was reverse transcribed 
using AMV reverse transcriptase (Life Sciences Inc., St 
Petersburg, FL), then amplified by the PCR method. Each 
PCR reaction also contained a set of P-actin primers as 
internal control/ 5 The levels of the expected PCR product 
were compared to the constant levels of P-actin. The size of 
the PCR products was compared to Msp\ digested pBR322 
standards (New England Biolabs, Beverly, MA). PCR 
products were analysed on a 4% agarose gel. Nucleotide 
sequences for the oligonucleotide 5' and 3' primers, 
respectively, are shown in Table 2. 

Cloning of the hIL-lp-3'UTR cDNA 

Total RNA from THP-1 cells was harvested after 
IFN-y/LPS stimulation (16 h after LPS addition). Based on 
the human IL-ip cDNA sequence (Genbank accession 
number K02770), 1 ug total RNA was RT-PCR amplified 
using the following upstream and downstream primers, 
respectively: 5' GGG GGT ACC AAG TGT CTG AAG 
CAG CCA T and 5' CCC ATC GAT AAG CGG TTG CTC 
ATC AGA AT. Kpn\ and Cla\ restriction sites, shown 
in bold, were incorporated into the primers. A Kpn\jCla\ 
restriction digest of the resulting - 1.2-kb RT-PCR product 
was then cloned into the Kpnl/Clal of pGem7Zf(-) (Promega) 
and sequenced. The mammalian expression vector, pHD, 10 
kindly provided by Dr Schutz (German Cancer Research 



TABLE 2. Nucleotide sequences for the oligonucleotide 5' and 3' primers 



5' 



P-actin: 

IL-ip: 

TNF-ot: 

IL-6: 

c-jun: 

ICE: 

HLA-DRa: 
Rantes: 



ATGGGTCAGAAGGATTCCTA 
GACACATGGGATAACGAGGCT 
TCTCGAACCCCGAGTCACAA 
AGTAACATGTGTGAAAGCAG 
AGCCCTCGGCGAACCCCTCCT 
ACACGTCTTGCTCTCATTATC 
GCCGAGTTCTATCTGAATCCT 
5': CTGGTTCCGGCGAGGTACCATGAAGGTCTCC 
3': CTCGCTCCGGCGACTCTCCATCCTAGCTCA 



3' 

AGAGGCGTACAGGGATAGCAC 
ACGCAGGACAGGTACAGATTC 
TATCTCTCAGCTCCACACCA 
CAGGAACTGGATCAGGACTT 
CCCAAGATCCTGAAACAGAGC 
AAATGCCTCCAGCTCTGTAGT 
ATTGGTG ATCGG A GT ATAGTT 
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Center, Heidelberg, Germany), was modified as follows. 
A KJenow blunt-ended Xhol/Sall fragment from pMClneo 
(Stratagene, La Jolla, CA) was subcloned into a Klenow 
blunt-ended, unique AatM site in pHD, yielding pHD-neo. 
The Xhol site located in the multiple cloning site was next 
eliminated by religating a Klenow blunt-end Xhol digest of 
pHD-neo. The resulting plasmid, pHD-neo2, was linearized 
with Kpnl/Clal then iigated to the Kpnl/Clal hIL-lp cDNA, 
yielding a hIL-ip mammalian expression vector (pHD-neo2- 
hIL-ip-3'UTR) which contained only 344 bp of the hIL-ip 
3'UTR and lacking all six AUUUA motifs. 

Transfections 

10 7 cells/ml in 1.3 mM KH 2 P0 4 , 7.36 mM Na 2 HP0 4 , 
2.44 mM KC1, 124 mM NaCl, 5 mM glucose, 9.6 uM MgCl 2 
and 16 uM CaCl 2 , pH 7.2, were transfected with 20 ug of 
DNA in a Bio Rad Gene Pulser (250 V, 690 uF and indefinite 
resistance) using a 0.4 cm cuvette. Cells were subsequently 
cultured in RPMI medium supplemented as described above, 
containing 10% FBS and 600 ug/ml G418. 

RNase protection of hlL-tfi mRNA 

RNase protection analysis was performed as described 
by Melton et a/. 46 A 280-bp RT-PCR fragment derived from 
THP-1 cell mRNA corresponding to a portion of the IL-ip 
3'UTR spanning four of the AUUUA motifs, was subcloned 
into pGEM7Zf(-) (pGEM-ILip-RP). Using Xbal linearized 
pGEM-ILlp-RP, SP6 RNA polymerase and [ot- 33 P]UTP, 
a hIL-ip riboprobe was synthesized. 
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The major control point for the hypoxic induction of 
the vascular endothelial growth factor (VEGF) gene is 
the regulation of the steady-state level of the mRNA. We 
previously demonstrated a discrepancy between the 
transcription rate and the steady-state mRNA level in- 
duced by hypoxia. This led us to examine the post-tran- 
scriptional regulation of VEGF expression. Actinomycin 
D experiments revealed that hypoxia increased VEGF 
mRNA half-life from 43 ± 6 min to 106 ± 9 min. Using an 
in vitro mRNA degradation assay, the half-life of VEGF 
mRNA 3 -untranslated region (UTR) transcripts were 
also found to be increased when incubated with hypoxic 
versus normoxic extracts. Both cis-regulatory elements 
involved in VEGF mRNA degradation under normoxic 
conditions and in increased stabilization under hypoxic 
conditions were mapped using this degradation assay. A 
hypoxia-induced protein (s) was found that bound to the 
sequences in the VEGF 3'-UTR which mediated in- 
creased stability in the degradation assay. Furthermore, 
genistein, a tyrosine kinase inhibitor, blocked the hy- 
poxia-induced stabilization of VEGF 3'-UTR transcripts 
and inhibited hypoxia-induced protein binding to the 
VEGF 3'-UTR. These findings demonstrate a significant 
post-transcriptional component to the regulation of 
VEGF. 



Hypoxia has been shown to be an important stimulus for the 
new blood vessel formation seen in coronary artery disease (1). 
tumor angiogenesis (2), and diabetic neovascularization (3). 
VEGF, 1 also known as vascular permeability factor, is a potent 
angiogenic and endothelial cell-specific mitogen (4-6), which is 
regulated by hypoxia in vitro (2, 7, 8) and in vivo (2, 3, 9-11). 
The major control point for the hypoxic induction of the VEGF 
gene is the regulation of the steady-state level of mRNA (2, 8) 
which is determined by the relative rates of mRNA synthesis 
and decay. 



* This work was supported in part by National Institutes of 
Health Grants T32HL07604 and 1KO8HL03405-01 (to A. P. L.). 
1F32HL08838-02 (to N. S. L.). and DK45098 (to M. A. G). an American 
Heart Association Grant-in-Aid (to M. A. G.), and an American Heart 
Association Established Investigator Award (to M. A. G.). The costs of 
publication of this article were defrayed in part by the payment of page 
charges. This article must therefore be hereby marked "advertisement" 
in accordance with 18 U.S.C. Section 1734 solely to indicate this fact. 

§ Current address: Whitaker Cardiovascular Institute. Evans De- 
partment of Medicine. Boston University School of Medicine. Boston. 
MA 02118. 

II To whom correspondence and reprint requests should be addressed: 
Brigham and Women's Hospital, LMRC Rm. 222, 221 Longwood Ave.. 
Boston, MA 02115. Tel.: 617-732-7646: Fax: 617-739-0748. 

1 The abbreviations used are: VEGF, vascular endothelial growth 
factor; bp, base pair; Epo. erythropoietin; UTR, untranslated region; 
DMEM, Dulbecco's modified Eagle's medium; kb, kilobase; EMSA. elec- 
tromobility shift assay; PCR. polymerase chain reacUon; TBE, Tris 
borate EDTA; IRE. iron responsive element. 



We have previously demonstrated that hypoxia induces 
VEGF steady-state mRNA 25.0 ±11.4 and 12.0 ± 0.6 fold in 
rat primary cardiac myocytes (8) and rat pheochromocytoma 
PC 12 cells (12), respectively. However, nuclear runoff tran- 
scription assays demonstrated that the transcription rate for 
VEGF was increased only 3.1 ± 0.6-fold by hypoxia in the PC 12 
cells (12). Rat genomic sequences encoding VEGF were cloned 
and a 28-bp element in the 5' promoter was identified that 
mediates a significant portion of this hypoxia-inducible tran- 
scription in transient expression assays. This element was 
shown to have sequence and protein binding similarities to the 
hypoxia-inducible factor 1 binding site within the erythropoie- 
tin (Epo) 3' enhancer (12). These studies demonstrated that, 
while increased transcription rate can account for a portion of 
the increase in the steady-state level of VEGF mRNA in the 
PC 12 cells, it does not account for all of the increase and 
suggested that a post-transcriptional mechanism plays a sig- 
nificant role in the hypoxic induction of VEGF mRNA, as well. 

Post-transcriptional mechanisms of regulation have previ- 
ously been suggested for Epo (13-15) and demonstrated for 
tyrosine hydroxylase (16). two other hypoxia-inducible genes. 
In the present study we examine the post-transcriptional reg- 
ulation of VEGF mRNA expression under both normoxic and 
hypoxic conditions. We have employed several complementary 
techniques including actinomycin D chase experiments, in vitro 
mRNA degradation studies, and RNA electromobility shift 
assays. 

MATERIALS AND METHODS 

Cell Lines and Culture Conditions—PC 12 rat pheochromocytoma 
cells were the generous gift of Dr. Eva J. Neer (Brigham and Women's 
Hospital, Boston, MA). H9c2 rat heart myocytes were obtained from the 
American Type Culture Collection (Rockville, MD) The cells were rou- 
tinely grown in Dulbecco's modified Eagle's medium (DMEM) (Sigma) 
with 10% fetal bovine serum and used for all experiments at -70% 
confluence. Cells were cultured under either normoxic conditions (5% 
C0 2 . 21% 0 2 . 74% NJ in a humidified Napco incubator at 37 °C or 
hypoxic conditions (5% C0 2 . 1% 0 2 . 94% in an Espec triple gas 
incubator (Tabai-Espec Corp., Osaka, Japan). Genistein (Sigma) was 
prepared as a 100 mM stock in Me 2 SO and added to cells 30 min prior 
to placement in the hypoxia chamber at a final concentration of 500 fxM. 

Cloning and Sequencing of Rat VEGF cDNA—2 x 10 6 bacteriophage 
clones from a A gtl 1 oligo(dT)-primed PC 12 cDNA library (Clontech. La 
Jolla, CA) were screened with two contiguous genomic fragments from 
the 3'-UTR of the VEGF gene (12), an 875-bp BamHl-EcoRl fragment 
(nucleotide 756-1642, GenBank™ accession no. U22372) and a 256-bp 
EcdRl-EcoRl fragment (nucleotide 1642-1855. GenBank™ accession 
no. U22372). Distinct VEGF cDNA clones hybridizing to both probes 
were isolated. The cDNA insert from each clone was isolated on a 
Kpnl-Sad fragment (which contained both A gtl 1 and VEGF se- 
quences) and cloned into the Bluescript vector (Stratagene). Sequencing 
of the cDNA inserts was performed by the dideoxy chain-termination 
method using Sequenase (Stratagene) initially with oligonucleotide 
primers (5'-CCATCTGCTGCACGCCGAAGAAGGC-3' and 5'-CCT- 
TACGCGAAATACGGGCAGACATG-3') corresponding to the A gtl 1 se- 
quence adjacent to the insert and subsequently, in a progressive fash- 
ion, with oligonucleotides complementary to the sequences obtained 
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from the respective clones. Both strands of all clones were sequenced. 

In Vitro Cell- free RNA Degradation Assay— Cells were grown under 
either normoxic or hypoxic conditions and Si 00 cytoplasmic extracts 
were prepared according to the method of Wang et al (17). Briefly, cells 
were washed twice with ice-cold phosphate-buffered saline and then 
scraped into 10 ml of phosphate-buffered saline. The cells were then 
pelleted and resuspended in 2 volumes of homogenization buffer (10 mM 
Tris-HCl. pH 7.4. 0.5 mM dithiothreitol. 10 mM KC1, and 1.5 mM MgClJ 
and lysed with 20 strokes in a Dounce homogenizer (pestle B). 0.1 
volume of extraction buffer (1.5 M KC1. 15 mM MgCl 2 , 100 mM Tris-HCl, 
pH 7.4, 5 mM dithiothreitol) was added, and the homogenate was 
centrifuged at 14,000 X g for 2 min to pellet nuclei. The supernatant 
from this step was harvested and centrifuged at 100.000 X g for 1 h at 
4 °C. Cytoplasmic extracts were immediately frozen on dry ice and were 
stored at -70 °C. Protein concentrations were determined by Bradford 
protein assay (Bio-Rad) and were routinely 3-5 mg/ml. The entire 
procedure was performed at 4 W C. 

| 32 P]CTP-labeled. capped, and polyadenylated transcripts were syn- 
thesized in vitro (18). The EcoR\ site of pSP64 poly(A) (Promega) was 
transformed into an Asel restriction enzyme site by filling in EcoRl- 
digested pSP64 poly(A) with the Klenow fragment and then blunt-end 
ligating the vector. Restriction fragments containing the 3'-UTR of 
VEGF derived from clone 1 1.4 (12) were cloned into the multiple cloning 
site of this modified pSP64 vector. A series of deletions were made from 
the 3' end of these sequences using unique restriction sites in the VEGF 
3'-UTR. Digestion of these plasmids with >4sel-generated DNA tem- 
plates containing a poly(dT) sequence that was transcribed into a 30- 
base long poly(A) tail at the 3' end. Capped transcripts were synthe- 
sized from these templates with SP6 RNA polymerase using the 
MEGAscript in vitro transcription kit (Ambion. Austin, TX) according 
to the manufacturer s protocol with a 4:1 ratio of m 7 G5'pppG (cap 
analog) to GTP. Labeled RNA transcripts were produced by inclusion of 
[a- 32 P]CTP (3000 Ci/mmol) in the reaction. 80,000 cpm were used for 
each degradation assay. 

Degradation assays were performed by incubating the transcript (10 6 
cpm) with 130 jtg of cytoplasmic extract in a total volume of 39 /xl in a 
master mix at room temperature. At each time point the reaction was 
stopped by transferring 3 /xl from this master mix to a tube containing 
15 Atl of H 2 0 and 2 jaI of 5 M NH„OAc with 100 mM EDTA. The sample 
was extracted once with phenol:chloroform:isoamyl alcohol (25:24:1), 
and the supernatant was precipitated with 20 /tl of isopropanol. The 
pellets were washed once with 80% ethanol and air-dried. Samples were 
then electrophoresed on a formal dehyde-agarose gel and transferred to 
GeneScreen (DuPont NEN). Quantitation of the remaining primary 
(undegraded) transcript at the different time points was performed with 
a Molecular Dynamics Phosphorlmager. All time points were performed 
in triplicate. 

Measurement of VEGF mRNA Half life in PC 12 Cells— PC 12 cells 
were grown under normoxic or hypoxic conditions in DMEM with 1% 
fetal bovine serum for 24 h prior to the addition of actinomycin D in T 
75-cm z flasks (Corning). For hypoxic cell cultures, cells were grown in 
flasks with a solid rubber stopper containing two 18-gauge needles 
allowing for gas inflow and outflow. All flasks were connected in a 
parallel using small bore, triple-leg extension tubing (Braun Medical 
Inc.. Bethlehem, PA) to a defined gas mixture containing 1% 0 2 , 5% 
C0 2 . and balance N 2 . For hypoxic cultures actinomycin D (Sigma) was 
added to each flask through the 18-gauge outflow needle. This elaborate 
configuration allowed cells in each flask to be grown under hypoxic 
conditions for a defined period of time without any intervals of reoxy- 
genation that would occur if all the flasks were kept in a common 
incubator or hypoxia apparatus. For the determination of VEGF mRNA 
half-life under hypoxic conditions the cells were grown under hypoxic* 
conditions for 9 h prior to the addition of actinomycin D. For the 
determination of VEGF mRNA half-life under normoxic conditions, the 
cells were grown at 21% 0 2 prior to the addition of the actinomycin D. 

5 mg of actinomycin D were initially dissolved in 1 ml of Me 2 SO and 
subsequently diluted with DMEM to a concentration of 50 /xg/ml (10x) 
stock solution. Flasks were harvested for RNA at 0, 5. 10. 15, 30, 60, 
120, 240, and 480 min after the addition of actinomycin D. Total RNA 
was prepared from the flasks using RNA STAT-60 (Tel-Test "B," Inc., 
Friendswood, TX) and isolated according to the manufacturer's 
protocol. 

VEGF and 1 8 S rRNA were detected by RNase protection analysis of 
10 of RNA isolated at the various time points. RNase protection 
assays were performed as described previously (8) to specifically detect 
the VEGF, 65 isoform and 18 S rRNA. After electrophoresis on 6% 
polyacrylamide, 7 M urea gels, the protected fragments were quanti- 
tated using a Phosphorlmager (Molecular Dynamics). The quantity of 



VEGF mRNA was normalized to the amount of 18 S rRNA (19) by 
calculating a VEGF/18 S ratio for each sample. All time points were 
performed in triplicate. The entire experiment was repeated three sep- 
arate times. The half-life of VEGF mRNA was calculated by drawing 
the best fit linear curve on a log-linear plot of the VEGF/18 S ratio 
versus time. The time at half-maximal VEGF/I8S ratio was taken to be 
the half-life. 

RNA Electromobility Shift Assay (EMSA)— The bacteriophage T7 
RNA polymerase promoter sequence was appended to the 5' end of 
sense polymerase chain reaction (PCR) primers used to generate tem- 
plate DNA 2 (20, 21). For experiments involving the VEGF 3'-UTR 
StuhNsil fragment (used for mapping the constitutive RNA-binding 
protein) oligonucleotide PCR primers were S' -ggatccTAATACGACT- 
CACTATAGGGAGGCCTGGTAATGGCTCCTCC-3' (VEGF nucleotide 
910-931. GenBank™ accession no. U22372) and 5'-GAGATGCATCCT- 
CATAAATAG-3' (VEGF nucleotide 1279-1259, GenBank™ accession 
no. U22372). For experiments involving the /Vs/I-transcription termi- 
nation site fragment (used for mapping the hypoxia-induced RNA bind- 
ing protein), oligonucleotide primers were 5 '-ccTAATACGA CTC AC- 
TA TA GGGA GAATTTC AACTATTTATG AGG A-3 ' (VEGF nucleotide 
1251-1271, GenBank™ accession no. U22372) and 5'- TTTGAGATCA- 
GAATTCAATTCTTTAATAGAAAATGCC-3' (VEGF nucleotide 1877- 
1841, GenBank™ accession no. U22372). PCR products were gel-puri- 
fied and ( 32 P]CTP-labeled RNA transcripts were generated with T7 
polymerase using Maxiscript (Ambion) according to the manufacturer s 
protocol. Nonradioactive transcripts used in competition experiments 
were similarly generated with Maxiscript. A 162-bp fragment of the 
tyrosine hydroxylase gene (nucleotide 1521-1682. GenBank™ acces- 
sion no. Ml 0244) (16) was generated by PCR, cloned into the psp73 
(Promega) vector, and used to generate tyrosine hydroxylase RNA tran- 
scripts. A template used to generate an iron response element (IRE) 
transcript was kindly supplied by Dr. Beric R. Henderson (22). 

A series of overlapping oligonucleotides was used to prepare tem- 
plates for the generation of short transcripts containing the putative 
constitutive RNA-protein binding site. Competitor WT, (VEGF nucleo- 
tide 1050-1080. GenBank™ accession no. U22372) was generated by 
overlapping oligonucleotides T7A (5'-gcggatccTAATACGACTCACTAT- 
>4CCC>4CGTGTGTGAGTGGCTTACCCTTCCCCATTTTC-3') (VEGF 
nucleotide 1050-1080, GenBank™ accession no. U22372) and B (5'- 
ccgattcGAAAATGGGGAAGGGTAAGCCACTCACACA-3')(VECF nu- 
cleotide 1080-1051. GenBank™ accession no. U22372). Competitor 
WT 2 (VEGF nucleotide 1050-1091. GenBank™ accession no. U22372) 
was generated by overlapping oligonucleotides T7A and C (5'-cCCTT- 
CGGAAGCGAAAATCGCGAAGCCTAACCCACTCACACA-3') (VEGF 
nucleotide 1091-1051, GenBank™ accession no. U22372). Competitor 
M (VEGF nucleotide 1050-1080 containing a 3-bp change in the VEGF 
sequence, GenBank™ accession no. U22372) was generated by over- 
lapping oligonucleotides T7A and D (5'- ccgattcGAAAATGGGGACTT; 
GTAAGCCACTCACACA-3') (VEGF nucleotide 1080-1051. Gen- 
Bank™ accession no. U22372). Equimolar amounts of each of the 
oligonucleotides was annealed with its partner and then treated with 
Klenow fragment to fill in the overhang. These oligonucleotide gener- 
ated templates then were used to make RNA transcripts with T7 RNA 
polymerase according to the manufacturers protocol for short tran- 
scripts (Ambion). 

Radiolabeled RNA transcripts (100,000 cpm/reaction) with or with- 
out nonradioactive competitor were incubated with 20 /ig of SI 00 cyto- 
plasmic extract for 15 min at room temperature. 25 units of ribonucle- 
ase Tl were then added followed 10 min later by heparin to a final 
concentration of 5 mg/ml. Electrophoresis of RNA-protein complexes 
was carried out on 7% native polyacrylamide gel (acrylamide/methylene 
bisacrylamide ratio. 30:1) with 0.5 x TBE (30 mM Tris. 30 mM boric 
acid, 0.06 mM EDTA, pH 7.3 at 20 °C) at 4 °C. The gels were preelec- 
trophoresed for 1 h at 35 A followed by electrophoresis of RNA-protein 
complexes for 1.5 h at 30 A. Gels were dried and exposed to x-ray film 
(Kodak). The RNA-protein bands were quantitated by Phosphorlmager 
analysis (Molecular [Dynamics). 

Statistical Analysis— Where indicated, data are presented as the 
mean ± the standard error of the mean (23). Student's unpaired t test 
was employed to assess differences between two groups. Regression 



2 Sequences for oligonucleotides described under "Materials and 
Methods" are denoted as follows: VEGF. upper case letters; bacterio- 
phage T7 RNA polymerase promoter core, italicized, upper case letters; 
appended sequence for PCR. lower case letters; mutated VEGF se- 
quence, underlined letters. 
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Time after Act. D (min) 

Fic. 1. VEGF mRNA levels following treatment with actinomy- 
cin D. The time course, RNA harvest, and analysis was performed as 
described under "Materials and Methods." Data are shown from a 
representative experiment with each time point performed in triplicate. 
VEGF RNA is normalized to 18 S rRNA. The experiment was performed 
three times. □. hypoxia; ■. normoxia. 

lines for determination of mRNA half lives were drawn using the 
Cricket Graph program (Cricket Software. Malverna. PA). 

RESULTS 

Determination of VEGF mRNA Transcription Termination 
Site— 32 cDNA clones for rat VEGF were isolated that hybrid- 
ized to two contiguous fragments from the VEGF 3'-UTR as 
described under "Materials and Methods." Sequencing of six 
independent inserts verified a single transcription termination 
site determined by identification of a poly(A) tail preceded by 
sequence that was identical to the genomic DNA sequence for 
the VEGF gene previously reported (12). In all cases the tran- 
scription termination site was mapped to nucleotides 1875- 
1877 (GenBank™ accession no. U22372). The transcription 
termination site maps approximately 20 bp 3' to a consensus 
polyadenylation site (24) and is consistent with the site we 
previously described by Northern blot analysis (12). This poly- 
adenylation site would generate a mRNA of 3.7 kb which is the 
size of the most abundant species seen by Northern blot. 

Stabilization of VEGF mRNA by Hypoxia following Treat- 
ment with Actinomycin D— Quantitation of the half-life of the 
VEGF, 65 isoform was determined as described under "Materi- 
als and Methods." The half-life was determined to be 43 ± 6 
min (n = 3) under normoxic conditions and 106 ± 9 min (n = 3) 
under hypoxic conditions (Fig. 1) for a mean increase of 2.5 ± 
0.4. Similar results were obtained when the VEGF RNA was 
normalized to j3-actin or to 1 8 S rRNA. 

Mapping Instability Elements in the VEGF mRNA J -UTR in 
a Cell- free System under Normoxic Conditions — [ 32 P]CTP-la- 
beled, capped, and polyadenylated transcripts containing the 
entire VEGF 3'-UTR or deletions from the 3' end of the UTR 
(Fig. 2 A) were synthesized and degradation assessed in vitro 
(Fig. 2, A-Q as described under "Materials and Methods." The 
half-life of each transcript was determined, and results were 
normalized to the half-life of the full-length transcript contain- 
ing the entire 3'-UTR (Fig. 2/4). Deletion of specific sequences 
in the 3'-UTR resulted in a marked stabilization of the tran- 
scripts in this in vitro assay. Specifically, deletion of the Nsil- 
Xbal fragment and the Stul-Nsfl fragment each resulted in an 
approximately 2-fold increase in transcript stability (Fig. 2, B 
and Q. Deletion of sequences 5' to the Stul site or 3' to the 
Xbal site had no significant effect on transcript stability. This 



would suggest the presence of two independent instability se- 
quences in the VEGF 3'-UTR. Each of these instability regions 
co-localizes with one ofthe two nonameric consensus instability 
sequences (UUAUUUA(U/A)(U/A)) (25, 26) (Fig. 2,4). 

Mapping Elements Which Mediate the Hypoxic Stabilization 
of the VEGF J mRNA UTR in Vitro— SI 00 cytoplasmic ex- 
tracts from hypoxic cells were prepared in an identical fashion 
to those from normoxic cells. In vitro RNA degradation assays 
(Fig. 3, A-Q were performed as described under "Materials and 
Methods" and demonstrated that VEGF 3'-UTR transcripts 
had a significantly longer half-life in vitro when incubated with 
hypoxic versus normoxic extracts (ratio 1.5 ± 0.1 n - 12) (Fig. 
3A). Progressive 3' deletion analysis of the VEGF 3'-UTR dem- 
onstrated that this preferential stabilization by hypoxia was 
lost upon deletion of the Nsil-Xbal fragment. Similar results 
were obtained with both PC 12 and H9c2 cells. 

RNA EMSA — RNA transcripts of different regions of the 
VEGF 3'-UTR incubated with S100 extract allowed for the 
identification by EMSA of both constitutive and hypoxia-in- 
duced VEGF mRNA binding proteins. The constitutive protein 
complex was found to map between the Nsil and Stul restric- 
tion enzyme sites (Fig. 4 A). This complex could be completely 
inhibited by competition with excess unlabeled transcript from 
this region, but was not competed out with 500-fold excess 
0-actin or IRE transcripts (Fig. 45). Proteinase K treatment of 
the extracts completely inhibited formation of the complex. 
Interestingly, 100-fold excess of a 162-base RNA transcript of 
the tyrosine hydroxylase 3'-UTR, corresponding to the region 
previously demonstrated to bind a hypoxia-inducible protein 
(16). completely inhibited formation of this complex. A region of 
the VEGF Stul-Nsfl fragment was identified which is highly 
homologous to a region within a 28-base fragment specifically 
protected by the tyrosine hydroxylase RNA-binding protein 
(16) and to a region within the Epo 3'-UTR demonstrated to be 
the site for an RNA-binding protein (15) (Fig. 4Q. Oligonucleo- 
tides were constructed from this region as described under 
"Materials and Methods" to define the binding site by compe- 
tition studies. RNA derived from template WT, or WT 2 was 
capable of specifically competing with the protein complex 
binding to Stul-Nsil RNA transcripts, whereas template M, 
which contains a 3-nucleotide substitution in this region of 
homology, did not efficiently compete with the complex. 

A hypoxia-inducible protein complex was mapped by EMSA 
between the Nsil site and the transcription termination site 
(Fig. 4/4) using a template generated by a strategy described 
under "Materials and Methods." The RNA-protein complex was 
induced 2.2 ± 0.2-fold (n = 12) by EMSA using hypoxic versus 
normoxic S100 extracts (Fig. 4D). This complex could be inhib- 
ited by excess unlabeled transcript from this region, but was 
not displaced by a 500-fold excess of IRE transcript (Fig. 4 O) or 
Epo transcripts. Proteinase K treatment of the extracts com- 
pletely inhibited formation of the complex. 3' truncated forms 
of this template were generated using restriction endonucle- 
ases Xbal EcoRI, //MI, and Msel (Fig. 4A). RNA transcripts 
from these truncated templates allowed the binding site for 
this hypoxia-inducible species to be further defined within a 
Msel-Xbal fragment (nucleotide 1412-1754, GenBank™ acces- 
sion no. U22372) (Fig. 4Z}. 

Genistein Blocks Hypoxic Stabilization of VEGF J -UTR 
Transcripts in Vitro— PC 1 2 or H9c2 cells were incubated with 
500 hm genistein, a tyrosine kinase inhibitor, for 30 min prior 
to their placement in the hypoxia chamber. Cells were exposed 
to hypoxia or normoxia for 4 h. Hypoxic and normoxic SI 00 
extracts were then prepared in parallel from cells exposed to 
genistein and cells that were not exposed to genistein. As 
demonstrated in Fig. 5, A and B, genistein inhibited the pref- 
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Fig. 2. Mapping instability elements in the VEGF 3'-UTR un- 
der normoxic conditions. [ 32 P]CTP-labeled, capped, and polyade- 
nylated transcripts were generated in vitro as described under "Mate- 
rials and Methods." A, restriction map of constructs in pSP64A (>4sel). 
Linear fragments {A-fy were cloned in the pSP64A (>4sel) vector and 
used to generate sense 3'-UTR transcripts in vitro. Deletions from the 
3' end of the UTR were produced with the designated restriction en- 
zymes. Construct A (full-length) (nucleotide 1-2201, GenBank™ acces- 
sion no. U22372) contains the entire 3'-UTR and yields a RNA of 2.2 kb. 
Construct B {Xbal) (nucleotide 1-1754, GenBank™ accession no. 
U 223 72) is derived by deletion of the Xbal from construct A and yields 
a RNA of 1.7 kb. Construct C {Nsil) (nucleotide 1-1255. GenBank™ 
accession no. U22372) is derived by deletion of the Nsil-Xbal fragment 
from construct B and yields a RNA of 1.2 kb. Construct D {Stul) 
(nucleotide 1-913, GenBank™ accession no. U22372) is derived by 
deletion of the Stul-Xbal fragment from construct B and yields a RNA 
of 900 bases. The locations of the nonameric instability consensus 
signals are depicted by lines with open circles. The half-life in minutes 
obtained for each construct was expressed relative to the half-life of 



erential stabilization of hypoxic versus normoxic extracts in the 
in vitro RNA degradation assay. The change in the ratio of the 
half-life of the VEGF 3'-UTR transcript with hypoxic versus 
normoxic extracts in the presence of genistein (1.4 in the ab- 
sence of genistein versus 0.5 in its presence) was equivalent to 
that seen when deletional analysis was performed on the VEGF 
3'-UTR (Fig. 3A). No significant change was seen in the hypoxic 
induction of a previously described (12) VEGF promoter-driven 
luciferase construct in transient transfection assays in cells 
treated with genistein (data not shown). In addition. S100 
extracts prepared from genistein-treated cells failed to demon- 
strate the hypoxia-induced increase in the electromobility shift 
of the Nsil transcription termination RNA fragment described 
above (Fig. 5Q. 

DISCUSSION 

Hypoxia exerts its control on VEGF gene expression by in- 
creasing VEGF steady-state mRNA levels. Previous work has 
strongly suggested that an increase in transcription rate of the 
VEGF gene cannot account for all of the observed increase in 
the steady-state VEGF mRNA levels induced by hypoxia (12). 
These studies provide further evidence for a post-transcrip- 
tional mechanism contributing to VEGF mRNA induction by 
hypoxia. Several cis-acting elements that may mediate the 
turnover of VEGF mRNA under normoxic and hypoxic condi- 
tions are identified. 

The half-life of the VEGF mRNA, determined using actino- 
mycin D. is increased 2.5 ± 0.4-fold by hypoxia. Steady-state 
kinetics (27) would predict that the increase in steady-state 
mRNA with hypoxia would be the product of the increase in the 
transcription rate and the increase in the mRNA half-life. 
These data therefore provide an adequate explanation for the 
discrepancy between the increase in the steady-state mRNA 
(12.0 ± 0.6) and the increase in the transcription rate (3.1 ± 
0.6) in PC 12 cells. 

We have demonstrated using an in vitro RNA degradation 
assay that there are two distinct cis-acting instability elements 
in the VEGF 3'-UTR. The VEGF 3'-UTR contains two consen- 
sus nonameric sequences 5'-UUAUUUA(U/A)(U/A)-3' (25, 26) 
that have been demonstrated to mediate the rapid turnover of 
multiple cytokine mRNAs. These nonameric consensus se- 
quences fall within the fragments shown to significantly affect 
transcript stability in the in vitro degradation assays. We can- 
not rule out however that other sequences contained within 
these fragments are responsible for or contribute to the RNA 
instability. 

The increased stability of VEGF 3' -UTR transcripts in vitro 
in the presence of hypoxic versus normoxic extracts has allowed 
us to map an element that when deleted from the UTR abro- 
gates this increased stability with hypoxic extracts. From these 
studies one may hypothesize that a trans-acting factor that 
mediates stability binds to this region or. alternatively, the 
region is necessary for formation of a RNA secondary structure 
that mediates the change in RNA stability. 



construct A for each individual experiment. Results are expressed as 
the mean ± S.E. of four different experiments. In the experimental 
conditions described under "Materials and Methods" with Si 00 extract 
from normoxic cells, the half-life of construct A was approximately 3 
min. B. representative autoradiograph of products from a cell-free deg- 
radation assay of constructs A {Full-length) and D {Stul) as described 
under "Materials and Methods." Time refers to the time after the 
addition of normoxic cytoplasmic extract to the RNA. The arrow points 
to the undegraded transcript. C, log-linear regression lines of VEGF 
RNA degradation quantitated by Phosphorlmager analysis. The half- 
life of each construct was calculated from the regression line extrapo- 
lated to time 0. In the representative experiment shown, the half-life of 
construct A (full-length, P was 2.6 min, B {Xbal. O) was 2.0 min. C 
{Nsil, ) was 4.0 min. and D {Stul. O) was 8.0 min. 
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Fic. 3. Mapping an element in the VEGF 3'-UTR that mediates stabilization by hypoxia. [ 3Z P)CTP-labe1ea\ capped, and polyadenylated 
transcripts were generated in vitro as described under "Materials and Methods." A, restriction map of constructs A-Din pSP64A {Asel) as described 
in the legend to Fig. ZA. A half-life for each construct was determined with normoxic and hypoxic extracts using the identically labeled transcript. 
The results are expressed as a ratio of the transcript half-life using hypoxic to normoxic extracts. All of the time points were performed in triplicate. 
Each transcript was assayed three different times with different extracts. B, representative autoradiograph of products from the degradation assay 
of constructs A {Full-length) and D (Stu J). Time refers to time after the addition of the normoxic or hypoxic extract to the labeled transcript. The 
arrow points to the undegraded transcript. One of the RNA pellets in the triplicate 5 min 1% 0 2 time point for the StiA RNA fragment was lost 
in processing, and the data from this sample are not included. C, log-linear regression lines of VEGF RNA degradation quantitated by 
Phosphorlmager analysis. The half-life of each construct was calculated from these regression lines using normoxic (■) and hypoxic Q extracts. 
This is a representative experiment of the data summarized from three independent experiments in Fig. 3A Each time point was performed in 
triplicate. 
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Fig. 4. Identification of constitutive and hypoxia inducible RNA-protein complexes by EMSA. A, map of the VEGF mRNA 3'-UTR 
demonstrating location of templates used for generation of riboprobes for EMSA and to map the cis-elements with which the RNA binding proteins 
interact. A T7 promoter was appended to the sense primer for generation of templates as described under 'Materials and Methods." The Stul-Nsil 
template corresponds to nucleotide 909-1279 of the VEGF 3'-UTR, GenBank™ accession no. U22372. The Nsil transcription termination (77) site 
template includes nucleotide 1251-1877 of the VEGF3'-UTR. GenBank™ accession no. U22372. Restriction endonuclease Msel. Hlrtfl. EcdRl, and 
Xbal sites in the Nsil-TT site template are located at nucleotides 1412, 1566. 1632, and 1754, respectively, of the VEGF mRNA 3 '-UTR, GenBank™ 
accession no. U22372. TGA is the translation termination codon of VEGF and is located 6 bp 5' to nucleotide 1 in GenBank™ accession no. U22372. 
TT is the transcription termination site of VEGF mRNA. The nonameric instability consensus signals are depicted by lines with open circles. The 
small open box at nucleotide 1070 is the proposed site to which the constitutive protein complex binds. B, EMSA of the constitutive RNA-protein 
complex. RNA EMSA using the Nsil-Stul fragment as template was performed as described under "Materials and Methods." Unlabeled RNA 
transcripts for competition studies were generated from the following templates: Nsil-Stul {VEGF)\ IRE (22); tyrosine hydroxylase {TH) 162-bp 
fragment (16); oligonucleotides WT,, WT 2 , and M as described under "Materials and Methods." Proteinase K {PK) indicates extracts were first 
treated with proteinase K before adding the probe. The arrow points to the constitutive RNA-protein complex. The bracket encompasses free and 
degraded probe. C, sequence homology. Region of homology between the rat VEGF 3'-UTR. rat tyrosine hydroxylase 3'-UTR. and human Epo 
3'-UTR. This region of the Nsil-Stul fragment of the VEGF 3'-UTR (nucleotide 1066-1075) was demonstrated to bind a protein(s) in S100 
cytoplasmic extracts. The tyrosine hydroxylase sequence is within a 28-bp sequence of the tyrosine hydroxylase 3'-UTR (nucleotide 1 552-1579) (32) 
that is protected by a hypoxia-inducible protein (16). The Epo sequence (nucleotide 2831-2841) (33) is within a 120 bp sequence of the Epo 3' UTR 
shown to bind a Epo mRNA binding protein that is up-regulated by hypoxia in brain and spleen (15). Nucleotide sequence for rat VEGF, rat 
tyrosine hydroxylase, and human Epo refer to GenBank™ accession nos. U22372, M 10244, and Ml 1319, respectively. D, EMSA of the 
hypoxia-inducible complex. RNA EMSA using the Ns/1-transcription termination fragment generated by PCR or agarose gel-purified restriction 
endonuclease digested subfragments of this fragment as templates for the generation of probe (labeled RNA transcript). [-""PJCTP labeled RNA 
transcripts were Nsil- transcription termination (TV), Nsfl-Xbal (A). Nsil-EcoRl (/?), Nsil-Hinfl [H). or Nsil-Msel {M). Unlabeled competitors were 
the Afcil-transcription termination transcript (A) or IRE transcripts (22) present in 100 x molar excess to the labeled probe. Similar results were 
obtained with four different preparations of SI 00 extract. The arrows point to the hypoxia-inducible complex. The bracket encompasses the free 
and degraded probe. 
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Fig. 5. Genistein inhibits hypoxic stabilization of VEGF 3'-UTR transcripts in vitro. Cells were pretreated with 500 um genistein, an 
inhibitor of the hypoxic induction of VEGF mRNA (32), for 30 min prior to beginning the hypoxic exposure. After 4 h extracts were prepared from 
normoxic and hypoxic ceils. Degradation of full-length VEGF 3'-UTR transcript (construct A, Fig. 2A) was assessed as described under "Materials 
and Methods." A, representative autoradiography of decay kinetics of the VEGF 3'-UTR with genistein treated or control cells using hypoxic and 
normoxic extracts. The arrow points to undegraded transcript. One of the RNA pellets in the triplicate 10 min 1% 0 2 time point for genistein treated 
cells and one of the RNA pellets in the triplicate 10 min 21% O z time point for control cells were lost in processing and the data from these samples 
are not included. B, regression analysis of A demonstrating an inhibition in the stabilization of VEGF 3'-UTR transcripts in extracts prepared from 
genistein-treated cells. The experiment was performed three times with different preparations of extract. In the representative experiment shown, 
the ratio of the half-lives in hypoxia (Q) to normoxia (■) of the VEGF 3'-UTR transcript is decreased from 1.4 in control cells to 0.5 in 
genistein-treated cells. C. genistein inhibited formation of the hypoxia-inducible RNA-protein complex on EMSA. The Afc/I-transcription termi- 
nation template was used for EMSA analysis as described under "Materials and Methods." The competitor was an RNA transcript derived from 
the Afc/I-transcriptlon termination template {VEGF) or the IRE element (22). J Cor 21 C indicates that the S100 extract was made under hypoxic 
or normoxic conditions, respectively, from cells treated with genistein. The arrow points to the hypoxia-inducible species. 



Post-transcriptional Regulation by Hypoxia 



2753 



In EMSA studies, the region of the VEGF mRNA 3'-UTR to 
which the hypoxia-induced protein complex bound correlated 
with the RNA degradation assays and points toward an impor- 
tant role for this complex in mediating the increased stabiliza- 
tion of VEGF mRNA by hypoxia. The hypoxia-inducible com- 
plex is occasionally seen to migrate as a doublet using the 
entire Nsil transcription termination site riboprobe (Fig. 4£$. 
This has not been observed with truncated forms of the tem- 
plate (Nsil-EcoRT), although hypoxia-inducible binding is still 
seen. In addition, further truncation of this fragment (Nsil- 
Hinfl) still results in binding of a protein by EMSA, but the 
complex is no longer hypoxia-inducible. 

Genistein, a tyrosine kinase inhibitor, was recently shown to 
inhibit the hypoxic induction of VEGF mRNA (28) through its 
action on Src. A signal transduction cascade leading to the 
hypoxic induction of VEGF through Raf was demonstrated 
using the dominant inhibitory Raf-1 mutant Raf(301) (28, 29). 
In other systems this cascade has been shown to proceed 
through mitogen-activated protein kinase and ultimately to 
modulate transcription of specific genes and phosphorylation of 
specific gene products (30, 31). We have shown here that ge- 
nistein interferes with the post-transcriptional induction of 
VEGF by hypoxia. 500 um genistein had no effect on the hy- 
poxic induction of 5' promoter reporter constructs but inhibited 
the preferential stabilization of VEGF 3'-UTR transcripts in 
vitro by hypoxic versus normoxic extracts and inhibited forma- 
tion of a hypoxia-inducible protein-RNA complex by EMSA. 
One possibility is that the signal cascade through src/ raf and 
possibly mitogen-activated protein kinase has as its terminal 
event a protein that binds to the VEGF mRNA 3'-UTR and 
mediates its hypoxic stabilization. 

An understanding of the molecular basis of the regulation of 
VEGF by hypoxia forms the essential groundwork for the ra- 
tional design of pharmacological agents to modulate VEGF 
expression and thereby augment or inhibit neovascularization. 
The in vitro degradation assays and EMSA described here 
should allow for the rapid and economic assessment of multiple 
agents that may affect VEGF mRNA stability. 

Acknowledgment— We thank Dr. H. Franklin Bunn for critical re- 
view of this manuscript. 
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Growth Factor-Mediated Stabilization of Amyloid Precursor 
Protein mRNA Is Mediated by a Conserved 29-Nucleotide 
Sequence in the 3 '-Untranslated Region 
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Abstract: Using a cell-free translation system, we previ- 
ously demonstrated that the turnover and translation of 
amyloid precursor protein (APP) mRNA was regulated by 
a 29-nucleotide instability element, located 200 nucleo- 
tides downstream from the stop codon. Here we have 
examined the regulatory role of this element in primary 
human capillary endothelial cells under different nutri- 
tional conditions. Optimal proliferation required a growth 
medium (endothelial cell growth medium) supplemented 
with epidermal, basic fibroblast, insulin-like, and vascular 
endothelial growth factors. In vitro transcribed mRNAs 
with the 5'-untrans1ated region (UTR) and coding region 
of /3-globin and the entire 3'-UTR of APP 751 were trans- 
fected into cells cultured in endothelial cell growth me- 
dium. Wild-type globin-APP mRNA containing an intact 
APP 3'-UTR and mutant globin-APP mRNA containing a 
mutated 29-nucleotide element decayed with identical 
half-lives (t 1/2 = 60 min). Removal of all supplemental 
growth factors from the culture medium significantly ac- 
celerated the decay of transfected wild-type mRNA (f 1/2 
= 10 min), but caused only a moderate decrease in the 
half-life of transfected mutant mRNA (f 1/2 = 40 min). We 
therefore conclude that the 29-nucleotide 3'-UTR ele- 
ment is an mRNA destabilizer whose function can be 
inhibited by inclusion of the aforementioned mixture of 
growth factors in the culture medium. Key Words: Amy- 
loid protein precursor— 3'-Untranslated region — mRNA 
decay— Growth factor— Capillary endothelial cells. 
J. Neurochem. 74, 52-59 (2000). 



understood. Overexpression of different isofonns of 
J3APP in transfected cells or transgenic animals alters its 
normal processing, resulting in the deposition of amyloi- 
dogenic fragments (Fukuchi et al., 1992; Yoshikawa 
et al., 1992). In postmortem AD brain, increases in the 
proportions of different APP mRNA isoforms have been 
reported. Neuronal cells showed moderate, but signifi- 
cant, disease-associated increases in the proportion of 
Kunitz-type protease inhibitor (KPI)-containing APP 
751 and APP 770 mRNA isoforms (Johnson et al., 1990; 
Johnston et al., 1996). In skin fibroblasts from DS pa- 
tients, the proportions of KPl-containing isoforms were 
elevated significantly at a very young age (mean age, 5 
years), but not so in the aged DS group (Urakami et al., 
1996). Thus, in sporadic AD and in DS, the early over- 
expression of specific APP isoforms could initiate and/or 
propagate pathological cascades. 

Overexpression of APP and /3A4 deposition can be 
accelerated by growth factors and proinflammatory cy- 
tokines. The coexpression of transforming growth fac- 
tor-/31 (TGF-/31) in transgenic mice expressing human 
/3APP accelerated the overexpression of APP and /3A4 
deposition in cerebral blood vessels and meninges 
(Wyss-Coray et al., 1997). J3A4 also induced production 
and secretion of interferon- y and interleukin-1/3 (IL-1 j3) 
in human vascular endothelial cells (Suo et al., 1998). 



The deposition of /3-amyloid peptide (/3A4), around 
the cerebral vasculature and neurons, is a pathological 
hallmark of Alzheimer's disease (AD), hereditary cere- 
bral hemorrhage with amyloidosis, Dutch type 
(HCHWA-D), and Down's syndrome (DS) (Selkoe, 
1993; Castano et al., 1996). This 39-42 amino acid 
peptide is derived from the aberrant processing (Citron 
et al., 1992) of a larger, membrane-associated glycopro- 
tein, the )3-amyloid precursor protein (J3APP). All muta- 
tions that cause the inherited forms of AD, HCHWA-D, 
and DS act by a common mechanism of increasing /3A4 
deposition. 

In the vast majority of AD cases that are late-onset and 
sporadic, the etiology of the disease remains poorly 
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Thus, /3A4 acting in concert with proinflammatory cyto- 
kines could trigger a self-propagating cycle of chronic 
/3APP overexpression and deposition of /3A4, with neu- 
rodegenerative consequences. Factors that control both 
APP expression and processing are therefore of critical 
significance in AD pathogenesis. 

Previous work from our laboratory identified a con- 
served 29-nucleotide sequence, -200 nucleotides down- 
stream from the APP stop codon that functioned as an 
APP mRNA-destabilizing element in a rabbit reticulo- 
cyte lysate cell-free translation system (Rajagopalan 
et al., 1998). We hypothesized that this instability ele- 
ment could similarly regulate APP mRNA decay in in- 
tact cells. Preliminary studies with the widely used rat 
pheochromocytoma (PC 12) and human neuroblastoma 
(SH-SY5Y) cell lines revealed that endogenous APP 
mRNA was constitutively stable (r 1/2 > 12 h; unpub- 
lished observations). This likely reflects dysregulated 
mRNA decay, as is often seen in tumor lines (Ross et al., 
1991). For example, labile mRNAs coding for cytokines, 
growth factors, and protooncogenes that typically de- 
cayed with half-lives of 15-30 min, were six- to 10-fold 
more stable (t m > 3 h) in transformed cell lines (Ross 
et al., 1991). 

Human umbilical vein endothelial cells (HUVEC) 
have the advantage of being primary cells that transcribe 
KPI-containing APP 751 and APP 770 mRNA isoforms 
(Haass et al., 1992) that are elevated in AD and DS 
(Johnson et al., 1990; Johnston et al., 1996; Urakami 
et al., 1996). Further, the lysosomal processing of /3APP 
in these cells has been shown to generate potentially 
amyloidogenic, /3-peptide-bearing fragments (Haass 
et al., 1992). Goldgaber et al. (1989) demonstrated that in 
HUVEC, growth factors could up-regulate the APP pro- 
moter and thereby increase steady-state APP mRNA 
levels. However, the short half-life (4 h) of the APP 
transcript in the absence of growth factors (Goldgaber 
et al., 1989) suggested that regulation may also occur 
posttranscriptionally at the level of APP mRNA decay. 
HUVEC therefore provided a good vascular endothelial 
cell model to examine the regulation of APP expression 
and its processing. 

In this study, we have examined the decay of endogenous 
APP mRNA and the role of the 29-nucleotide instability 
element in regulating the decay of transfected, chimeric, 
globin-APP (Gl-APP) mRNAs. Chimeric mRNAs con- 
sisted of the globin 5 '-untranslated region (5'-UTR) and 
coding regions fused to full-length APP 751 3'-UTR con- 
taining either a wild-type (Gl-APPwt) or mutated (Gl- 
APPmut) 29-nucleotide instability element. Our data dem- 
onstrate that in rapidly dividing cells cultured in endothelial 
cell growth medium (EGM; see Experimental Procedures), 
APP mRNAs (wild-type and mutated) were equally stable. 
When all supplemental growth factors were removed, but 
proliferation maintained, APP mRNAs containing an intact 
29-nucleotide, 3'-UTR element were rapidly destabilized. 
These data demonstrate for the first time that APP mRNA 
decay is ds-sequence-specific and can be modulated by the 
extracellular environment. 



EXPERIMENTAL PROCEDURES 
Cell culture 

HUVEC (obtained from Clonetics, San Diego, CA, U.S.A.) 
were cultured on BIOCOAT Collagen I-coated six- or 12-well 
plates (Becton-Dickinson, Franklin Lakes, NJ, U.S.A.). In ac- 
cordance with the manufacturer's protocol for optimal growth, 
cells were cultured in a growth medium (EGM-2) containing 
epidermal growth factor (EGF), basic fibroblast growth factor 
(bFGF), insulin-like growth factor 1 (IGF-1), vascular endo- 
thelial growth factor (VEGF), and 5% fetal bovine serum 
(FBS). To transfer to a growth factor-lacking medium, cells 
were first washed two or three times in endothelial cell basal 
medium (EBM-2) before being cultured in EBM-2 supple- 
mented with 1, 2.5, or 5% FBS. Where indicated, cells were 
trypsinized by strictly following the manufacturer's protocol. 
Fifth-passage HUVEC were used in all experiments. 

Plasmid construction 

The construction of plasmids pT7APP751wtT90 and 
pT7APP751mutT90 has been described previously (Rajago- 
palan et al., 1998). The 5'-UTR and coding region of 0-globin 
were PCR-ampiified from the plasmid pSP6/3-globinT90 (Ra- 
jagopalan et al., 1998). Primers were designed to create a Not\ 
restriction site at the 5' end and a BglU site at the 3' end. The 
PCR product was then digested with Notl and Bg!\\ and ligated 
into //o/I/Sg/II-digested pT7 APP75 1 wtT90 to produce 
pT7Globin-APP-I. 

Full-length APP wild-type and mutated 3'-UTRs were PCR- 
amplified from pT7APP751wtT90 and pT7APP75 1 mutT90, re- 
spectively. Primers were designed to create a Bgfl\ site at the 5' 
end and an Sph\ site at the 3' end. Each PCR product was then 
digested with BgUl and Sphl and ligated into tfg/IIASpM-digested 
pT7Globin-APP-I to produce P T7Globin-APP3'UTRwtT90 and 
pT7Globin-APP3'UTRmutT90, respectively (see Fig. 3). Linear- 
ization of the plasmids with HindlU and transcription with T7 
polymerase yielded polyadenylated (A 90 ) chimeric RNAs with the 
5'-UTR and coding region of /3-globin, followed by the 3'-UTR of 
APP containing either an intact (wild-type) or mutated 29-nucle- 
otide 3'-UTR element. 

mRJNA synthesis and transfection 

Capped, polyadenylated mRNAs were synthesized in vitro, 
purified, and evaluated for their integrity as previously de- 
scribed (Rajagopalan et al., 1998). Particle-mediated transfer of 
mRNAs into adherent HUVEC was performed using the Accell 
gene gun (Rajagopalan and Malter, 1996). 

Northern analysis 

As stated previously, HUVEC were seeded at identical den- 
sities and cultured in either six- or 12-well collagen-coated 
plates. Each well represented either a distinct culture condition 
or an individual time point. In experiments examining either the 
steady-state levels or decay rates of endogenous APP mRNA, 
cells were lysed by addition of 1 ml of TRJ reagent (Molecular 
Research Center Inc., Cincinnati, OH, U.S.A.) to each well. 
The entire content of each well was then transferred to a 1 .5-ml 
Eppendorf tube and snap- frozen in an ethanol bath at -80°C. 
After completion of an individual experiment, total RNA was 
quantitatively isolated from all conditions and analyzed by 
northern blotting and phosphorimaging as previously described 
(Rajagopalan and Malter, 1994). APP-specific signals were 
normalized to those of actin before being graphed. 



/ Neurochem.. Vol. 74, No. I, 2000 



54 



L. E. RAJAGOPALAN AND J. S. MALTER 



RNA dot blots 

At the indicated time points, transfected cells were 
trypsinized and washed twice with HEPES-buffered saline so- 
lution before being lysed in 1 ml of TRI reagent. Total RNA 
pellets from each time point were dissolved and denatured 
(70°C water bath, 1 5 min) in 3 /xl of sample buffer (30 u,l of 
deionized formamide, 2.4 ,xl of 25 X MOPS, 10.8 ^,1 of 37% 
formaldehyde, 16.8 /xl of diethyl pyrocarbonate-treated water), 
before being dotted onto a MAGNA nylon transfer membrane 
(Micron Separations Inc., Westborough, MA, U.S.A.). Samples 
were allowed to air-dry and then were briefly immersed in 10X 
saline-sodium citrate buffer and auto UV-cross-linked in a 
Stratalinker (Stratagene, La Jolla, CA, U.S.A.). Transfected, 
chimeric Gl-APP mRNAs were detected by hybridization to 
random-primed globin cDNA probes (Rajagopalan and Malter, 
1994). Gl-APP-specific signals were then normalized to those 
of actin and plotted versus time. 

RESULTS 

Modulation of APP mRNA steady-state levels by 
growth factors and serum 

Previous studies have shown that the steady-state level 
of endogenous APP mRNA could be up-regulated in 
HUVEC by IL-1 (a and j3), phorbol 12-myristate 13- 
acetate, or bFGF (Goldgaber et.aL, 1989). However, the 
underlying mechanism for these effects was not deter- 
mined. We therefore investigated if APP mRNA decay 
could be altered by culture conditions. 

Fifth-passage HUVEC were cultured on collagen I- 
coated six-well plates in EGM-2 (see Experimental Pro- 
cedures) containing 5% FBS. At 70% confluence, one set 
of cells (four wells) was maintained in EGM-2 plus 5% 
FBS (condition I, Fig. 1), whereas the other sets of cells 
were washed and transferred to EBM-2 containing 5% 
(condition II), 2.5% (condition 111), or 1% (condition IV) 
FBS. EGM-2 and EBM-2 were identical except for the 
absence of supplemental growth factors in the latter. 
After 5 h, cells were lysed, and total RNA was isolated 
and northern blotted (see Experimental Procedures). 
APP-specific signals were normalized to those of actin 
and plotted for each condition (Fig. 1). To assess growth 
rates, separate sets of cells were trypsinized and counted 
at the start and at the end of the 5-h incubations (Table 
1). Removal of all supplemental growth factors (condi- 
tion I versus II) caused a significant decrease of —30% in 
steady-state APP mRNA levels. Cells cultured in condi- 
tions I and II had identical growth rates (Table 1). Thus, 
changes in APP mRNA levels were not a result of 
alterations in the rates of cell proliferation. APP mRNA 
continued to decline as serum content of the medium was 
decreased further to 2.5 and 1% (Fig. 1, conditions 111 
and IV). However, growth rates of cells cultured under 
conditions III and IV were inhibited considerably (Table 
1). Cells remained differentiated and morphologically 
indistinguishable under all culture conditions. 

Effects of medium growth factor and serum content 
on APP mRNA half-life 

The medium-dependent alterations in APP mRNA 
steady-state levels could be the result of either changes in 
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FIG. 1. Culture conditions modulate steady-state levels of en- 
dogenous APP mRNA in HUVEC. Fifth-passage HUVEC were 
cultured on collagen-coated plates to 70% confluence under 
condition I (Table 1). At this point, one set of cells was main- 
tained in condition I. Other sets of cells were switched to either 
condition II, III, or IV (Table 1) and cultured for 5 h, after which 
cells were lysed and total RNA isolated for northern analysis. A: 
Northern blots were hybridized sequentially with cDNA probes 
for APP and actin. Each condition in this figure is represented by 
duplicate samples. B: Signals were quantified by phosphorim- 
aging, and APP-specific signals were normalized to those for 
actin and plotted for the different culture conditions. Data points 
represent the means ± SD of five separate determinations (*p 
< 0.01; **p < 0.001). 

gene transcription (Goldgaber et al., 1989), mRNA turn- 
over (Zaidi and Malter, 1994), or both. We therefore 
measured APP mRNA decay after blocking transcription 
with actinomycin D. The experiment described in Fig. 1 
was repeated, and actinomycin D (5 u>g/ml) was added 
following 5-h incubations in different culture conditions 
(I, II, III, or IV; see Table 1). Cells were lysed either 
immediately (0 time) or at 2, 4.5, and 7 h after actino- 
mycin D addition. Total RNA was isolated from each 
sample and northern blotted (Fig. 2A). APP mRNA 
showed no perceptible decay (t xn > 12 h) in growth 
factor-supplemented medium with 5% FBS (EGM-2, 
condition I). However, when cells were cultured for 5 h 
in a growth factor-lacking medium (EBM-2) supple- 
mented with 5% FBS (condition II), a 35-50% decline in 
APP mRNA. steady-state level (compare 0 times, condi- 
tion I versus II) was accompanied by a greater than 
threefold decrease in APP mRNA half-life (r 1/2 = 4 h; 
Fig. 2B). The decline in APP mRNA steady state was 
therefore largely the result of accelerated decay. Varying 
the FBS content of EGM-2 from 2 to 10% did not alter 
APP mRNA steady-state level or half-life (>12 h; data 
not shown), thereby linking accelerated decay to the 
absence of supplemental growth factors. As the amount 
of serum in EBM-2 was lowered to 2.5 and 1%, APP 
mRNA steady-state levels continued to decrease (0 time, 
conditions III and IV, Fig. 2A). However, these de- 
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TABLE 1. Culture conditions and growth of HUVEC 





Supplemental 
growth factors 0 


% FBS 


Cell count (X 10~ 4 ) (70% 
confluence) 

Oh 5 h 


Condition I (EGM) 


Yes 


5 


7.12 ±0.12 


8.6 ± 0.05 


Condition II (EBM) 


No 


5 


7.06 ± 0.16 


8.7 ±0.12 


Condition III (EBM) 


No 


2.5 


6.91 ±0.16 


7.5 ± 0.21 


Condition IV (EBM) 


No 


1 


7.09 ±0.12 


7.3 ± 0.18 



" EGF, bFGF, IGF- 1, and VEGF. 



creases were due mostly to transcriptional down-regula- 
tion, because APP mRNA remained very stable (r 1/2 
> 12 h) under these conditions. Culture conditions can 
therefore induce dramatic changes in the amount of APP 
mRNA via both transcriptional and posltranscriptional 
events. 



A 




Ul IV 

0 2 4J 7 0 7 4.5 7 (h niter Act D) 




Time (h after Act D) 

FIG. 2. Decay rates of endogenous APP mRNA in HUVEC are 
altered by growth factors and serum. Cells were cultured as 
indicated in Fig. 1. Following the 5-h incubation, transcription 
was blocked with actinomycin D (Act D; 5 jig/ml), and cells were 
lysed either immediately or 2, 4.5, or 7 h after actinomycin D 
addition. A: Total RNA was isolated and analyzed as indicated in 
Fig. 1. B: APP signals were normalized to those of actin and 
plotted versus time for condition II. Each time point is the mean 
± SD of three determinations. 



APP 3'-UTR-mediated decay of transfected mRNA: 
influence of growth factors 

Using a rabbit reticulocyte lysate cell-free translation 
system, previous work from our laboratory had estab- 
lished a 29-nucleotide sequence in the 3'-UTR as nec- 
essary and sufficient for regulated APP mRNA decay 
(Rajagopalan et al., 1998). We therefore wanted to de- 
termine whether changes in APP mRNA half-life in 
HUVEC (Fig. 2, condition 1 versus 11) were mediated by 
the same 29-nucleotide sequence. To do this, we con- 
structed plasmids (see Experimental Procedures and Fig. 
3) from which we transcribed chimeric Gl-APP mRNAs 
containing the entire 5'-UTR and coding region of globin 
fused to the 3'-UTR of APP. Gl-APPwt mRNA con- 
tained an intact 29-nucleotide element, whereas Gl-AP- 
Pmut mRNA had a scrambled 29-nucleotide element. All 
mRNAs were capped at their 5' ends and contained a 
90-nucleotide poly(A) tail at the 3' end. Chimeric RNAs 
were used to distinguish transfected mRNAs from en- 
dogenous APP mRNA and to permit identification of 
essential c/s-elements that controlled decay. 

In initial studies, we transfected Gl-APPwt mRNA 
into HUVEC at 70% confluence (see Experimental Pro- 
cedures), cultured for 5 h in either EGM-2 plus 5% FBS 
(condition I) or EBM-2 plus 5% FBS (condition II) as 
described in Fig. 1. At the indicated time points after 



pTZGIobin-APPS'UTR T90 

■< S-globin »» « APP ► 

5*-UTR Coding Region 3'-UTR 

^ ^ ^ Hind III 

Wild Type Dcucuuuacauuuuggucucuauacuaca 

Mutant GAGAGGGGAGGGGAUACUCCGCGGUCGAC 
29 nucleotide element 

FIG. 3. T7Globin-APP3'UTR T90 in vitro transcription vectors. 
Chimeric cDNA was constructed containing the 5'-UTR and 
coding sequence of globin followed by the entire 3'-UTR of APP 
with either a wild-type (Gl-APPwt) or mutated (GI-APPmut) 29- 
nucleotide element (see Experimental Procedures). The chimeric 
constructs were cloned into transcription vectors, downstream 
from a T7 RNA polymerase site and upstream from a 90-nucle- 
otide oligo(dT) tract. Linearization of the transcription vectors at 
the unique H/ndlll site permitted the synthesis of mRNAs con- 
taining 90-nucleotide poly(A) tails. 
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FIG. 4. Growth factors stabilize transfected GI-APPwt mRNA. 
HUVEC were cultured for 5 h in either condition I or condition II, 
as described in Fig. 1. Capped, polyadenylated, in vitro tran- 
scribed GI-APPwt mRNAs were delivered into cells via the par- 
ticle-mediated gene transfer technology. At the indicated time 
points following transfection, cells were trypsinized, washed 
twice in HEPES buffer, and then lysed. A: Total RNA was isolated 
from each sample and dot blotted. Blots were then sequentially 
hybridized with cDNA probes for globin and actin. B: GI-APP- 
specific signals were normalized to those of actin and plotted 
versus time. Each time point is the mean ± SD of six determi- 
nations. 



ripheral blood mononuclear cells with transfected versus 
endogenous GM-CSF (granulocyte-macrophage colony- 
stimulating factor) mRNAs (Rajagopalan and Malter, 
1996). 

APP mRNA decay in HUVEC is mediated by the 
29-nucleotide 3'-UTR element 

To examine whether the 29-nucleotide APP 3'-UTR 
element was necessary for rapid APP mRNA decay in 
the absence of supplemental growth factors, we trans- 
fected cells with chimeric Gl-APP mRNA in which the 
29-nucleotide sequence had been mutated (Gl-APPmut; 
Fig. 3). Experiments were performed under identical cell 
culture conditions as described in Fig. 4. In the presence 
of growth factors (condition 1), the decay of Gl-APPmut 
mRNA was identical {t U2 = 60 min; Fig. 5) to that of 
GI-APPwt mRNA. Whereas removal of all supplemental 
growth factors accelerated the decay of transfected Gl- 
APPwt mRNA sixfold (Fig. 4), it produced only a mod- 
est decline in the half-life of transfected Gl-APPmut 
mRNA (r 1/2 = 40 min; Fig. 5). Thus, modification of the 
29-nucleotide element was sufficient to confer near con- 
stitutive stability to Gl-APP mRNA. The 29-nucleotide 
element therefore functions to destabilize APP mRNA in 
the absence of the complete mixture of supplemental 
growth factors. Conversely, the functionality of the ele- 
ment can be masked by the inclusion of EGF, bFGF, 
1GF-1, and VEGF in the culture medium. We are cur- 
rently examining the individual and synergistic contribu- 
tions to APP mRNA decay of these as well as other 
growth factors, such as tumor necrosis factor-a, IL-1 (a 
and /3), and TGF-0, that are also elevated in AD. 



transfection (Fig. 4), cells were trypsinized and washed 
twice in HEPES-buffered saline before lysis and isola- 
tion of total RNA. This procedure eliminated any mRNA 
bound to the collagen matrix or to the plasma membrane. 
Transfected intracellular mRNA was then detected by 
dot blot hybridization with radiolabeled globin cDNA 
probes (Fig. 4A). Nontransfected HUVEC showed no 
detectable endogenous globin mRNA (data not shown). 
Gl-APP-specific signals were normalized to those of 
endogenous actin to control for variations in cells har- 
vested, and plotted versus time (Fig. 4B). Each time 
point is the mean ± SD of four to eight separate trans- 
fections. 

In cells cultured in condition I, transfected GI-APPwt 
mRNA decayed with a half-life of 60 min (Fig. 4B). 
With cells cultured in the absence of all supplemental 
growth factors (condition II), decay of transfected Gl- 
APP wt mRNA was accelerated sixfold (r 1/2 = 10 min i 
Fig. 4B). The relative change in decay of transfected 
GI-APPwt mRNA upon removal of growth factors was 
therefore similar to that observed with endogenous APP 
mRNA. However, the absolute decay rate of transfected 
GI-APPwt mRNAs was considerably faster than that of 
endogenous APP mRNA after transcription was blocked 
with actinomycin D (compare Figs. 2B and 4B). We 
have observed previously a similar phenomenon in pe- 
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FIG. 5. Decay and growth factor-mediated stabilization of Gl- 
APP mRNA are sequence-specific. This experiment was per- 
formed as in Fig. 4, except that cells were transfected with 
Gl-APPmut mRNAs. Each time point is the mean ± SD of six 
determinations. 
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DISCUSSION 

Growth factor-mediated stabilization of APP mRNA 
could play a crucial role in APP overexpression and 
accelerated /3A4 deposition. This observation is particu- 
larly relevant in AD brain, where a growing list of 
inflammatory cytokines and growth factors, such as 
IL-la (Griffin et al., 1989), bFGF (Stopa et al., 1990), 
TGF-0 (van der Wal et al., 1993), IGF-1 (Connor et al., 
1997), and VEGF (Kalaria et al., 1998) are chronically 
elevated. Epidemiological studies have shown that anti- 
inflammatory drugs can significantly delay the clinical 
expression of AD (McGeer et al, 1996). Further, after 
traumatic head injury, a strong risk factor for AD (May- 
eux et al., 1993; Nicoll et al., 1995), proliferating micro- 
glia and reactive astrocytes synthesize and secrete high 
levels of tumor necrosis factor-a and TGF-/3 (Mattson 
et al., 1997). Thus, inflammatory mediators likely par- 
ticipate in the initiation and maintenance of the patho- 
logical cascade resulting in /3A4 deposition. 

An understanding of the cellular and molecular mech- 
anisms connecting inflammatory cytokines to APP gene 
regulation, however, is limited. Studies with primary 
human vascular endothelial cells (HUVEC; Goldgaber 
et al., 1989) and neuronal cells (Ringheim et al., 1997; 
Yang et al., 1998) have shown that bFGF and 1L-1 (a and 
J3) increased APP mRNA and protein levels. This was 
partly attributable to an up-regulation of APP promoter 
activity. The APP gene promoter has multiple regulatory 
sequences that are conserved across species (Adroer 
et al., 1997). Of these, the AP-1 (transcription factor) 
consensus binding sequence was essential for growth 
factor-mediated up-regulation of APP production and 
secretion. More recently, enhanced translation was 
shown to be solely responsible for IL-1 (a and j3)- 
mediated increases in astrocyte APP expression (Rogers 
et al., 1999). The regulatory sequence mapped to the 
5'-UTR of APP mRNA and was homologous to trans- 
lational control elements in the 5'-UTRs of ferritin 
mRNAs (Rogers et al., 1999). 

The half-life of APP mRNA, however, varied greatly 
among the different cell-types, ranging from as little as 
4.5 h in unstimulated HUVEC (Goldgaber et al., 1989) to 
>12 h in cell lines such as PC12 and SH-SY5Y (L. E. 
Rojagopalan and J. S. Malter, unpublished observations). 
We therefore reasoned that posttranscriptional changes 
in APP mRNA half-life could also contribute to expres- 
sion. Here we have used a primary human vascular 
endothelial cell model to examine this important aspect 
of regulation. HUVEC were cultured to 70% confluence, 
in accordance with the manufacturer's protocol for opti- 
mal growth, in- an EGM (see Experimental Procedures) 
containing EGF, bFGF, IGF-1, VEGF, and 5% FBS 
(condition I). Under these conditions, endogenous APP 
mRNA was very stable (/ I/2 > 12 h). Upon shifting to a 
basal medium also containing 5% FBS (EBM, condition 
II) for 5 h, APP mRNA was rapidly destabilized (f l/2 
= 4.5 h). Cell proliferation rates were indistinguishable 
between these two conditions, eliminating cell-cycle ef- 



fects as a possible cause. Changing the serum content of 
the growth medium (EGM) from 2 to 10% had no effect 
on APP mRNA decay, thereby eliminating serum con- 
centration as a contributing factor. These data suggest 
that the supplemented growth factors (EGF, bFGF, 
IGF-1, and VEGF) together mediate enhanced APP 
mRNA stability, presumably through cell-surface recep- 
tor signaling. Previously, we have shown that stabilized 
APP mRNAs accumulate and serve as coding templates 
for proportionally greater protein synthesis (Rajagopalan 
et al., 1998). This results from reuse of APP mRNAs by 
the protein synthetic machinery. 

In this study, steady-state APP mRNA levels were also 
altered by cell (HUVEC) proliferation rates. In cells 
arrested by low FBS and EBM-2 media, we observed a 
significant stabilization of APP mRNA (t m > 12 h). 
mRNA stabilization due to serum deprivation and cell- 
growth arrest has been reported for a number of other 
eukaryotic mRNAs, such as those encoding lysyl oxidase 
(Gacheru et al., 1997), insulin-like growth factor II 
(Scheper et al, 1996), and collagen (Kindy et al., 1988). 
However, in our studies, APP mRNA steady-state levels 
declined substantially despite stabilization, probably due 
to simultaneous down-regulation of the APP promoter 
(Goldgaber et al., 1989). Thus, growth factors and rates 
of cell proliferation can influence APP expression 
through transcriptional, as well as posttranscriptional, 
events. 

Our earlier observations in a cell-free system identi- 
fied a conserved 29-nucleotide destabilizing element 
~-200 nucleotides downstream from the APP mRNA 
stop codon (Zaidi and Malter, 1994; Rajagopalan et al, 
1998). Mutation of this element resulted in substantial 
stabilization of APP mRNA and a two- to fourfold in- 
crease in APP synthesis (Rajagopalan et al., 1998). We 
were therefore interested in determining (a) whether this 
sequence functioned as a destabilizing element in intact, 
proliferating cells, and (b) whether it mediated APP 
mRNA decay in response to extracellular stimuli, such as 
growth factors. To accomplish this, we transfected cells 
with in vitro synthesized chimeric Gl-APP mRNAs con- 
taining either an intact (Gl-APPwt) or mutated (Gl- 
APPmut) 29-nucleotide element (Fig. 3). This enabled us 
to distinguish transfected mRNAs from full-length, en- 
dogenous APP mRNA and to examine mRNA decay 
rates in the absence of global transcription blockade. 
Although the use of transcriptional poisons, such as 
actinomycin D, has permitted measurements of relative 
mRNA decay rates, there is growing evidence that such 
drugs have profound effects on mRNA turnover. Se- 
quences that normally destabilize c-fos (Shyu et al., 
1989), c-mvc (Wisdom and Lee, 1991), or erythropoietin 
(Goldberg et al., 1991) mRNAs are nonfunctional in the 
presence of actinomycin D. In addition, actinomycin D 
specifically and rapidly stabilized transfected GM-CSF 
mRNAs, suggesting direct inhibition of mRNA decay 
pathways (Rajagopalan and Malter, 1996). 

mRNAs were delivered into HUVEC via particle- 
mediated gene transfer (Rajagopalan and Malter, 1996). 
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By this method, cells can be transfected rapidly with 
little damage (10-15% cell death) and transfected raR- 
NAs are quickly mobilized onto polysomes for transla- 
tion (Rajagopalan and Malter, 1996). When cells were 
cultured briefly in basal medium (EBM-2), transfected 
Gl-APPwt mRNA decayed very rapidly with a half-life 
of 10 min. Mutation of the 29-nucleotide sequence (Gl- 
APPmu't) stabilized the mRNA (t m = 40 min), thereby 
establishing this sequence as a functional destabilizing 
element in primary human cells. Inclusion of EGF, 
bFGF, IGF-1, and VEGF in the culture medium stabi- 
lized Gl-APP mRNA in a sequence-specific manner. The 
half-life of Gl-APPwt mRNA increased sixfold from 10 
to 60 min, whereas that of Gl-APPmut mRNA showed 
only a modest increase from 40 to 60 min. Decay rates of 
transfected mRNAs are generally very rapid and are 
likely a truer representation of actual decay rates (Ra- 
jagopalan and Malter, 1996). Decay measurements made 
on endogenous mRNAs after transcription is blocked 
with actinomycin D probably overestimate true half- 
lives. The turnover of labile cellular components, essen- 
tial for rapid decay (Brewer and Ross, 1989; Altus and 
Nagamine, 1991), as well as a direct inhibitory effect on 
turnover, by actinomycin D (Rajagopalan and Malter, 
1996), are probable reasons. However, the relative rates 
of decay are preserved under both situations. We there- 
fore have shown for the first time that a cw-element can 
specifically target APP mRNA for rapid decay in cells. 
When present together in the culture medium, EGF, 
bFGF, IGF-1, and VEGF, growth factors that are ele- 
vated in AD brain, mask this instability element, thereby 
stabilizing APP mRNA. 

Signal transduction pathways that link cell-surface 
events to mRNA decay are poorly understood. Recently, 
the c-jun amino-terminal kinase pathway was implicated 
in the regulation of IL-2 (Chen et al., 1998) and IL-3 
mRNA (Ming et al, 1998) turnover, mediated by specific 
cis sequences in the 5'-UTR, coding region, and 3'-UTR 
of these mRNAs. Thus, defined c/s-acting sequences can 
mediate mRNA turnover through distinct signaling path- 
ways. We are currently examining the role of growth 
factor-mediated signaling in modulating APP mRNA 
decay. Further, as both the soluble form of 0APP and the 
insoluble /3A4 can independently activate mitogen-acti- 
vated protein kinase pathways (Greenberg et al., 1994; 
McDonald et al., 1 998), it is interesting to postulate that 
synergy may exist with growth factors in regulating APP 
mRNA turnover. 

The APP destabilizing sequence described here is rich 
in uridine and cytidine residues. A very similar 26- 
nucleotide mRNA-destabilizing sequence has been iden- 
tified in the 3'-UTR of the growth-associated protein-43 
(GAP-43) mRNA (Chung et al., 1997). GAP-43 is a 
phosphoprotein expressed at high concentrations in neu- 
ronal growth cones during development and axonai re- 
generation. In AD, as well as in Parkinson's disease and 
DS, the neuronal expression of GAP-43 mRNA and 
protein are considerably reduced, whereas astrocyte ex- 
pression is up-regulated (de la Monte et al., 1995). Thus, 



posttranscriptional events regulating the expression of 
key neuronal, glial, and vascular endothelial proteins 
could have considerable significance on the onset of 
neurodegenerative cascades. 

The posttranscriptional regulation of APP gene ex- 
pression is therefore complex and likely has significant 
implications regarding the production of APP and /3A4 
and the development of AD. We have a valid and ver- 
satile system with which to examine the individual and 
synergistic contributions to APP gene regulation of key 
cytokines and growth factors that are elevated in AD 
brain. Our data suggest that dysregulation of APP mRNA 
decay may play a role in APP overproduction. 
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A bcl-2 /IgH antisense transcript deregulates bcl-2 gene expression in 
human follicular lymphoma t(14;18) cell lines 
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The 14;18 chromosome translocation, characteristic of 
most human follicular B-cell lymphomas, juxtaposes the 
bcl-2 gene with the IgH locus, creating a bcl-2/lgH 
hybrid gene. By mechanisms that are still under 
investigation, this event increases the cellular levels of 
the bcl-2 mRNA and thereby induces an overproduction 
of the autiapoptotic BCL-2 protein which is likely 
responsible for neoplastic transformation. In an effort 
to identify potential upregulators of bcl-2 activity in 
t(14;18) cells, we found, by strand-specific RT-PCR, a 
bcl-2 antisense transcript that is present in the t(14;18) 
DOHH2 and SU-DHL-4 but not in the t(14;18)-negativc 
Raji and Jurkat lymphoid cell lines, and thus appears to 
be dependent on the 6c/-2/IgH fusion. This antisense 
transcript is a hybrid M-2/IgH RNA, that originates in 
the IgH locus, encompasses the t(14;18) fusion site and 
spans at least the complete 3' UTR region of the bcl-2 
mRNA. To achieve some insight into its biological 
function, we treated the t(14;18) DOHH2 cell line with 
oligonucleotides (ODNs) by specifically targeting the 
bcl-2llgU antisense strand. These ODNs lowered bcl-2 
gene expression, inhibited neoplastic cell growth by 
inducing apoptosis. We would like to propose the 
hypothesis that the bcl-2llglrl antisense transcript may 
contribute, by an unknown mechanism, to upregulation 
of bcl-2 gene expression in t(14;18) cells. The possibility 
has been considered that the hybrid antisense transcript 
mask AU-rich motifs present in the 3' UTR of the bcl-2 
mRNA characterized in other genes as mRNA destabi- 
lizing elements. 

Keywords: antisense RNA; hybrid RNA; synthetic 
oligonucleotides; apoptosis; bcl-2 regulation 



Introduction 

The prevailing karyotypic abnormalities related to 
hematological malignancies are chromosomal translo- 
cations (Dalla Favera et al, 1982; Tsujimoto et al., 
1984; Cory, 1986; Rowley, 1990; Stanbridge and 
Nowell, 1990; Gu et al, 1992), which give rise to 
hybrid genes either endowed with deregulated expres- 
sion (Chen-Levy et al, 1989; Polack et al, 1993) or 
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producing hybrid proteins (Konopka el al, 1984; De 
The et al, 1991). The t(14;18)(q32;q21), the most 
common chromosomal translocation, is consistently 
associated with the majority of follicular and some 
diffuse B-cell lymphomas. While breaks in the 
chromosome 14 generally occur in one of the six J H 
elements in the IgH locus, about 60% of breakpoints 
in the chromosome 18 are clustered in the 3' UTR of 
the bcl-2 gene, within the 150 base pair of the mbr 
(Tsujimoto et al, 1984; Cleary et al, 1986; Kneba et 
al, 1991). By juxtaposing the truncated chromosomes a 
hybrid bcl-2 /IgH fusion gene originates that does not 
imply a disruption of the bcl-2 open reading frame nor 
production of a hybrid protein (Cleary et al, 1986). 
Instead, higher levels of a bcl-2/lgH hybrid mRNA and 
a normal BCL-2 protein are present in the t(14:18) B- 
cells compared to the t(14;18)-negative counterparts 
(Cleary et al, 1986; Nunez et al, 1990; Graninger et 
al, 1987). It is commonly accepted that in t(14;l8) B- 
cell lymphomas the bcl-2 expression is transcriptionally 
upregulated by the flanking IgH locus, where a potent 
enhancer, the enhancer, has been identified in the 
intronic region between the J 6 element and the p-switch 
region (Tsujimoto et al, 1984; Cleary et al, 1986; 
Nowell and Crocc, 1987; Reed et al, 1989), but direct 
evidence of such phenomenon does not exist, and the 
mechanism of bcl-2 upregulation in t(14;18) cells is still 
under investigation. The BCL-2 protein has been 
shown to prevent programmed cell death, providing a 
cell survival advantage (Vaux el al, 1988; Nunez et al, 
1990; Hockenberry et al, 1993; Jacobson et al, 1993) 
that appears to be implicated in neoplastic transforma- 
tion (Korsmeyer et al, 1990; Adams and Cory, 1991). 

On the basis of previous reports about the 
involvement of antisense transcription in gene expres- 
sion control (for a review see Neilen and Lichtenstein, 
1993), we tackled the problem of bcl-2 deregulation in 
t(14;18) B cells by considering the possible existence of 
an antisense transcript. Our results demonstrate that an 
antisense transcript is present in t(14;18) cell lines, 
originating in the IgH locus and spanning the bcl-2/ 
IgH fusion point, for a minimal length of about 2- 
2.4 kb. Experiments carried out with oligonucleotides 
targeting the hybrid antisense RNA showed the 
lowering of the cellular levels of bcl-2 gene mRNA 
and protein, activating programmed death in the 
t(14;18)-treated cells. We might suggest for this 
antisense bcl-2/lgH transcript a role in the deregula- 
tion of bcl-2 expression in t(l4;18) cells, that could 
represent a new mechanism of neoplastic transforma- 
tion. 
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Results 

Strand specific XT-PC Ji identifies an antisense transcript 
iii t(N;18) bcU2/IgH cell lines 

We have noted that an adenine and uridine rich region 
is present in the 3' UTR of bcl-2 mRNA and is 
conserved in all the t(14;18>derived hybrid genes 
involving the major breakpoint region on chromosome 
18 (Figure 1). These regions are known to function in 
some genes as or-acting mRNA destabilizing elements 
(Asson-Batres et a/., 1994). Speculating on possible 
post-transcriptional deregulate mechanisms of bcl-2 
expression present in t(14;18) cells, we hypothesized 
that the production of an antisense transcript could be 
responsible for overlapping these AU-rich elements 
(AUREs), thus stabilizing the hybrid 6c/-2/IgH 
mRNA. In order to verify this possibility, i.e. to 
detect the putative bcl-2/lgH antisense transcript, a 
study was conducted in t(14;18) DOHH2 and SU- 
DHL4 cell lines or in t(14;)8)-negative Raji and Jurkat 
cell lines. Northern and ribonuclease protection 
analyses gave ambiguous results, perhaps being 
inadequate to detect low expressing RNAs as 
antisense transcripts might be for their rapid degrada- 
tion (Nellen and Lichtenstein, 1993). The highly 
sensitive strand- specific RT-PCR assay was therefore 
employed using the primers shown in Figure 2. Total 
RNA was extracted, deprived of contaminating 
genomic DNA by DNAse treatment and subjected to 
separate strand-specific reverse transcriptions by using 
either primer 1 or primer 2. The two strand-specific 
cDNAs were detected by amplifying with primer pair 1 
and 2 a region of 271 bp in the bcl-2 3' UTR portion 



Table 1 Sequence, position and orientation of the ODNs used for 
6c/-2/IgH sense and antisense RNA targeting 



ODN 
orientation 



ODN 
code Target 



Sequence 



Sense 

Antisense 

Inverted 

Scrambled 

Sense 

Antisense 

Inverted 

Scrambled 



As b 

I b 
Sc b 

S h 
As h 

I h 
Sc h 



bcl-2 
bcl-2 
bcl-2 

IgH 
IgH 
IgH 



5'-GTGAGCAAAGGTGATCGT-3' 

5'-ACGATCACCTTTGCTCAC-3' 

5'-CGAACCGGGATGGACTTC-3' 

5'-AGCGATGGTCGTGTGAAA-3' 

5'-ACCATGTTCCGAGGGGAC-3' 

5'-GTCCCCTCGGAACATGGT-3' 

5'-TGCTAGTGGAAACGAGTG-3' 

y-CAGGGGAGCCTTGTACCA-y 



b: bcl-2 gene h: IgH locus 



shared by all cell lines. Reverse transcription of the 
putative antisense RNA -by extension of primer 1- 
gave an amplification product of the expected size only 
in the t(14;18) cell lines, while reverse transcription of 
the mRNA -by extension of primer 2 -gave a signal in 
all four cell lines tested (Figure 3A). In order to be sure 
that the antisense and sense signals were not due to 
contaminating genomic DNA, an aliquot of each RNA 
preparation was subjected to RNAse treatment before 
reverse transcription, and in no case were amplification 
products obtained with primer 1 and 2. Southern 
hybridization with a bcl-2 probe (Figure 3B) and 
sequencing confirmed the identity of the antisense 
derived amplification products observed in the two 
translocated cell lines. The absence of the antisense 
transcript-derived signal in Raji and Jurkat cells 
indicates that the existence of this transcript is 
dependent on the (14;18) translocation. 



Chromosome 1 8 

(bcl-2) 



Chromosome 14 

(IgH) 



5' UTR 



Genomic DNA 




Eu 



sh cu 



B 



bcI-2/IgH mRNA 



UC^C UAUWAC UOCCAAAOOOAAiaM ^ 

AURE 




ASb ASh 



Sb Sh 



bd.2AgH 3' 
antisense RNA 



Fmure 1 Schematic structure of t(14;18) chromosome translocation. Single stretches are reported in scale (A) The M-2/IgH hybrid 
gene is partially represented, showing both the 5' and 3' untranslated regions (UTR) of the bcl-2 portion (grey hatched) -enframing 
the bcl-2 coding region (black hatched)-and the coding regions of IgH portion (black hatched). Intronic sequences are reported as 
lines. (B) The relevant portion 6c/-2/lgH hybrid mRNA, where the AU-rich region is located and the conserved ^quen« reported. 
(Q The anusense hybrid transcript, showing the extension of the portion revealed by strand-specific RT-PCR and the mKJNA AU- 
rich region overlapping stretch. Positions of ODNs used for the antisense strategy are also reported. The N region (N), i.e tne 
random inserted nucleotides in the translocation site, and the enhancer (Bji), the switch (Sp) and the constant (Cu) /i regions of the 
IgH portion are reported 



The aniisense transcript is a hybrid transcript starting 
from the IgH portion and spanning the 3' UTR of the 
bcl-2 gene mRNA 

The possibility was evaluated that the translocation- 
dependence of the antisense transcript was due to 
localization of the start site of antisense transcription 
on the IgH portion of the hybrid gene. Antisense 
strand specific RT-PCR was therefore performed in the 
region encompassing the bcl-2flgU junction site of 
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both DOHH2- primers 4 and 5 -and SU-DHL-4 - 
primers 3 and 5 -cell lines (see Figure 2) using the 
same negative controls as in Figure 3A. PCR products 
of the expected size were generated .(3 12 bp and 198 bp 
for DOHH2 and SU-DHL-4 cells respectively), 
demonstrating that the antisense transcript is a hybrid 
transcript originating in the IgH locus (Figure 4). 
Similarly, a third antisense strand specific PCR -with 
primers 6 and 7 -gave an amplification product of 
410 bp in the bcl-2 side immediately downstream from 



107 



Panel A 

ODN code 


Gene 


Sequence 


Position 


Orientation 


Strand-epeclflc RT-PCR 








Primer 1 


bd-2 


5 «AG AATCAGCCTTGAAACATTUAT GL»<T 


2426*2450 (Cleary of a/. 1966) 


Antisense 


Primer 2 


bd-2 


5'-TCAC C TTCTCAGAATG CTTTTGAAG- 3 


2672-2866 (Cleary el of. 1686) 


Sense 


Prime; 3 




_ - * » m AWsffTTTA A A A A A ATArAT^PATPTCAftrft-V 

iT-CGAAAGCTGC I > 1 AAAAA/v\ 1 AW\ I l»WS 1 L> i w\L»ot^-«» 


2544-2560 {Cleary ef at 1688) 


Antisense 


Primer 4 


bct-2 


S'-GCAATTCCGCATTTAATTCATGGTATTCAGGATO' 


2688-2899 {Cleary Of at 1988) 


Antlsonse 


Primer 5 


IqH 


5^GGTGACCAGGGTCCCTTGGCCCCAG-3* 


2973-2998 {Ravetch ef a/. 1981) 


Sense 


PrimerS 


bd-2 


5'-AGTCAACATGC CTGC-3* 


752 -788 (Ravctche/ at 1881) 


Antisense 


Primer 7 


bct-2 


5'-GGTGATCCGGCCAACAAC-5' 


1130-1147 (Ravetch at 1981) 


Sense 


Panel B 










Quantitative RT-PCR 








Primer A 


bd-2 


5'-GGACAACATCGCCCTGTG-3* 


551 -568 (Cleary el at 19BB) 


Sense 


Primer B 


bd-2 


5'-AGTCTT CAGAGACAGCCA G GA-3' 


668-688 (deary er a/, 19B0) 


AnCsense 


Primer C 


Q-acUn 


5 , -GCGGGAAATCGTGCGTGACATT-3' 


2104-2125 (Mr/Bahtta el at 1994) 


Sense 


Primer D 


tt-ectin 


S'-GATGGAGTTGAAGGTAGTTTCGTG-S' 


2408-2432 (Mtyashlta et at 1994) 


Antisense 


Primer E 




5'-ACCCCCACTGAAAAAGATGA-3' 


1544-1563 (NO el el. 1985) 


Sense 


Primer F 




y-ATCTTCAAACCTCCATGATG-a* 


3508-3517 (Ng el el 1685) 


Anflsenee 


Panel C 











SU-DHL-4 



L 410 J 



1 2 
r- 271 «-, 

r p 



N 



l 198^ 



j 4 



DOHH2 



t 410 ^ 



.271 



N 



L 312 J 



Figure 2 Pnncl A. Sequence and orientation of primers used in the strand-specific RT-PCR assay. Panel B. Sequence and 
orientation of primers used in the quantitative RT-PCR assay. Panel C. Primer position and expected product sizes of sirand- 
«Pecific RT-PCR 
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SU-DHL4 




271 bp 



DOHH 2 



271 bp 



Jurkat 






271 bp 



271 bp 



Figure 3 Detection of antisense transcripts by strand- 
specific RT-PCR in l(J4;)8) cell lines. (A) PCR amplification of 
reverse transcribed bcl-2/IgH mRNA (extension primer 2) and 
antisense transcript (extension primer 1) of a region upstream of 
the bcl-2 3' UTR breakpoint in the t(14;18) DOHH2 and SU- 
DHL-4 cell lines. DNA-free total RNA was reverse transcribed 
and subjected to 30 cycles and 45 cycles of PCR for sense and 
antisense detection, respectively, as described in Materials and 
methods. Using primers 1 and 2 all cell lines gave products of the 
expected size of 271 bp (as determined by comparison to the 
DNA marker) when amplifying the mRNA-derived cDNA, while 
only the DOHH2 and SU-DHL-4 ceil lines gave the same 
products when amplifying the antisense RNA-derived cDNA. No 
PCR products were obtained when using RNAse treated extracts 
for reverse transcription, excluding any possible false positive due 
to contaminating genomic DNA. (B) Southern hybridization with 
a 1.9 kb bcl-2 probe covering the 3' UTR region amplified by 
PCR confirms the identity of the antisense transcripts. The 
antisense RNA-derived amplification products were transferred to 
a Hybond N membrane and hybridized with with 32 P internally 
labelled probe, as described in Materials and methods 



the translation stop codon (Figure 5). Thus, in the two 
cell lines tested, the antisense transcripts appear to 
overlap the entire untranslated region'of the bcl-2 gene, 
from the breakpoint to the 5' end of the 3' UTR, for a 
minimal length of about 2 (SU-DHL-4) and 2.4 
(DOHH2) kb. 

Sense oligonucleotides targeted to different regions of the 
hybrid antisense transcript induce apoptosis 

The antisense oligonucleotide strategy offers the 
opportunity to selectively target an RNA for degrada- 
tion, usually with the aim of modulating the cellular 
level of a specific protein (Wagner, 1994). In order to 
assess the role of the antisense transcript in bcl-2 
upregulation in t(14;18) cells, we designed ODNs 




Figure 4 The bcl-2 antisense transcript is a hybrid transcript. 
DNA-free total RNA extracted from DOHH2 and SU-DHL-4 
cells was reverse transcribed with the antisense specific primer 5, 
consensus for the J H region of the IgH gene, and PCR amplified 
using the same primer opposite to primers 3 (for the SU-DHL-4 
cells) and 4 (for the DOHH2 cells), located in the bcl-2 3' UTR 
upstream to the translocation point. Amplification conditions 
were as detailed in Materials and methods. As compared to the 
DNA marker, PCR gave the expected product sizes of 198 bp for 
SU-DHL-4 and 312 bp for DOHH2 cells (see also Table 1), 
demonstrating the IgH origin of the antisense transcript. RNAse- 
treated controls were negative, excluding genomic DNA 
contamination 



complementary to upstream and downstream regions 
with respect to the DOHH2 fusion point. ODNs 
targeting the bcl-2 3' UTR were designed either in 
the sense (S b ) or the antisense (AS b ) orientation. ODNs 
targeting the IgH locus were in the J 6 element also in 
either orientations (S h and AS h ). ODN administration 
was maintained in all cases for 3 days at 1 0 fM 
concentration. The two antisense ODNs, AS b and 
AS h , targeting the bcl-2 and IgH portions of the hybrid 
mRNA, did not induce significant growth perturba- 
tions compared to untreated controls, or scrambled 
ODN (Sc b and Sc h ) and inverted ODN (I b and I h ) 
treated controls. On the contrary, the sense S b and S h 
ODNs, targeting the antisense transcript, were able to 
significantly reduce the cell number compared to 
controls (Table 2). Thus, the cell number was 
decreased by sense-orientated ODNs only. Very 
similar effects have been obtained with the S b and S h 
ODNs in the SU-DHL-4 cells, while as expected, sense 
ODNs targeting the DOHH2 specific fusion point were" 
ineffective in SU-DHL-4 cells (not shown). Further- 
more, since no reduced cell number was observed by 
treating t(14;18)-negative human lymphoma cells with 
S b and S h , the sense ODN apoptotic effect appears to 
be restricted to cells bearing the bcl-2/lgH transloca- 
tion. In order to ascertain if this apoptotic effect could 
be attributed to a cell survival disadvantage consequent 
to a lowering of bcl-2 gene expression, a preliminary 
microscopic examination of the sense-treated cells was 
carried out. A high number of cells with the 
characteristic features of apoptosis compared to 
controls was observed. Apoptotic death of DOHH2 
cells was then quantified by flow cytometry determina- 
tion of DNA breaks labelled with FITC-dUPT. A 
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Figure 5 The &c/-2/IgH antisense transcript covers at least the 
complete 3' UTR of the bcl-2 gene portion, The antisense 
transcript region immediately downstream from the stop codon of 
bcl-2 mRNA was reversely transcribed with the antisense specific 
primer 6 and the cDNA was amplified with primer 6 and 7 as 
described in Materials and methods. The expected amplification 
products of 410 bp were obtained both in DOHH2 and in SU- 
DHL-4 cell lines and identified by sequence analysis. DNA 
contamination was excluded by negative controls as described in 
Figures 2 and 3 



Table 2 Effect of a 3-day treatment with 10 /iM ODNs targeting 
both the bcl-2 and the IgH portions of the 6e/-2/lgH hybrid gene on 
DOHH2 cell growth 



ODN 
code 


Cells 
xJ0 4 /mJ±S.E. 


MTT assay 
OD±SE 




45±12 


1164*10 


s b 


18±4* 


561±ll* 




58±7 


950± 10 


sc b 


56±1 


967 =b 1 5 


lb 


48±5 


993 ±12 




67±2 


1265 ±20 


s h 


30±3* 


380 ±16* 


AS b 


66±6 


!I20±I9 


SC h 


61 ±4 


980 ±10 


Ih 


71 ±7 


I040±12 



ODN, 10 /im on day 0, 5 /An on days J and 2. Cell count and 
MMT assay were done on day 3. Assays were performed in 
triplicate and data were normalized from 5 experiments. ODN Sb 
corresponded to position 2625 - 2642 of the bcl-2 gene in sense 
orientation, Afi b was in the antisense orientation, Sc b as scramble 
and I b the inverted sequence, respectively (Kneba et al„ 1991). ODN 
Sh, position 3119 - 3136 of the J 6 gene in sense orientation (Kluin- 
Nelemans el ai, 1991), */ > <0.05 



basal cell subpopulation with DNA breakages, i.e. 
undergoing apoptosis, was equally present in the 
control and AS b -treated cells. This fraction (6-7%) 
increased to about 40% in the S b treated cells (Figure 
6). A corresponding increase of apoptotic cells was 
measured with S h compared to AS h -treated cells (not 
shown). The size histograms of sense ODN-treatcd cells 
showed a decrease in forward and an increase in light 
scattering, consistent with apoptotis (Carbonari et al. t 
1994). 

Sense oligonucleotide-induced apoptosis in DOHH2 cells 
are associated with a lowering of bcl-2 gene mRNA and 
Protein levels 

Jhs possibility that the biological effects of sense 
°DNs i n DOHH2 cells are due to a lowering of bcl-2 
fi e ne expression, probably mediated by inactivation of 
tn e antisense transcript, has been tested. Cellular levels 



of bcl-2 mRNA and BCL-2 protein following Sb-and 
S h -ODN treatment were quantified, bcl-2 mRNA levels 
were evaluated by a quantitative RT-PCR assay using 
/?-actin as the internal' standard -gene. When compared 
to untreated or Sc b ODN-treated controls, AS b and AS h 
ODNs induced a slight lowering of bcl-2 mRNA level, 
which underwent a dramatic decrease following S b and 
S h ODN treatment (Figure 7). BCL-2 protein, coded 
for by the open reading frame in the 5' region or the 
hybrid mRNA about 2.4 kb upstream from the region 
targeted by the ODNs, was also quantified by flow 
cytometry with an anti-BCL-2 MoAb. As shown in 
Figure 8 and 9 the lowering of BCL-2 protein 
following ODN treatments is consistent with that of 
bcl-2 mRNA: BCL-2 protein levels in AS b -and AS h - 
treated cells are very similar to those of controls, but 
appear to be sharply reduced in S b and S h treated cells. 



Discussion 

The regulation of bcl-2 gene expression in t(14;18) cells, 
where bcl-2 is fused with the IgH locus, is possibly 
altered by the presence of the E/i enhancer, located in 
the intron between the last J element and the /^-switch 
region (Tsujimoto et al. 7 1984). Although the mechan- 
ism of action of this enhancer is at present unknown, it 
has been suggested that E/z enhancer transcriptionally 
upregulates bcl-2 expression (Cleary et aL 9 1986; Seto et 
aL, 1988; Nunez et ai t 1990). To date no direct proof 
of an IgH enhancer action on the bcl-2 promoter has 
been provided. Moreover, the presence of an enormous 
intron (200-300 kb about in size) between exons II 
and III of the bcl-2 gene (Seto et a/., 1988; McDonnell 
et a/., 1988) and a proposed posHranscriptional role of 
the E/x enhancer in the bcl-2 altered expression (Reed 
et ai t 1989) do not allow definite conclusions. 

Here we provide evidence that in the t(14;18) 
DOHH2 and SU-DHL-4 cell lines the hybrid bcl-2/ 
IgH gene is associated with ectopic transcription of an 
antisense RNA, arising in the IgH locus and over- 
lapping at least the entire 3' UTR portion conserved in 
the translocated bcl-2 allele. The antisense transcript has 
been detected by a strand specific RT-PCR assay (Zhou 
et al., 1992; Noguchi et al. 9 1994; Murphy and Knee, 
1994) and identified by Southern blotting hybridization 
with a bcl~2 probe. Unclear previous results obtained 
using Northern hybridization and RNAse protection 
can be explained, as recently reported (Noguchi et al, 
1994; Murphy and Knee, 1994), by the low steady state 
levels of antisense RNAs, making these techniques 
unsuitable for antisense detection. 

cDNA for strand-specific RT-PCR is prepared using 
primers designed to reverse transcribe the hybrid 
mRNA or the supposed hybrid antisense transcript in 
the t(14;18) DOHH2 and SU-DHL-4 cell lines. 
t(!4;l8)-negative Raji or Jurkat cell lines are used as 
negative controls. While t(14;18) positive and negative 
cells reveal the presence of the bcl-2 mRNA, PCR 
products corresponding to the antisense transcript are 
restricted to the two t(14;!8) cell lines. RNA 
transcribed in the antisense orientation is detected 
with primers matching three bcl-2/\gH regions, i.e. the 
beginning of the bcl-2 3' UTR, a downstream region in 
the bcl-2 3' UTR, and the translocation-specific 
breakpoint region of cither t(14;18) cell lines. Sequence 
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analysis of the amplification products of the fusion 
regions containing the clone specific N stretch further 
•confirm the identity of the antisense transcript. 

This antisense transcript is unambiguously depen- 
dent on the presence of the bcl-2 /IgH fusion gene, since 
no bcl-2 antisense transcripts are found in the t(14;18)- 
negative cell lines tested. The start site of the antisense 
transcript appears therefore to be located somewhere in 
the IgH gene. Furthermore, the hybrid antisense 
transcript is probably present in low copy number in 
the translocated cell lines tested, since neither Northern 
hybridization nor ribonuclease protection assays give 
reproducible results and a long lasting PCR is required 
to detect a clear antisense transcript signal. 

We tried to obtain insights into the post-transcrip- 



tional regulative function, if any, of the bcl-2/IgH 
antisense transcript by targeting it with antisense 
ODNs, a class of molecules which are generally 
known to interfere with the specific RNA target by a 
RNAse H-mediated destabilizing action and a steric 
hindrance (Wagner, 1994). Previous works reported 
that antisense ODNs targeting the translation origin of 
bcl-2 mRNA were able to inhibit bcl-2 expression 
(Reed et al % 1990; Cotter el al, 1994) overcoming 
chemoresistance of lymphoma cells (Kitada et al., 1993, 
1994). In our model, antisense ODNs targeting the 
antisense hybrid transcript are obviously sense-orien- 
tated with respect to the bcl-2/lgH mRNA, as shown in 
Figure 1. The S b ODN, designed to target the bcl-2 3' 
UTR of the hybrid antisense transcript upstream of the 
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Figure 6 Sense ODN bui not antisense ODN treatment increases the fraction of DOHH2 apoptotic cells. After ODN treatment as 
in Table 3, apoptosis-related DNA breaks were labelled at the 3' OH end by FITC-dUTP and measured by Mow cytometry as 
described in Materials and methods. Results are presented as dot-plots and as histograms. (A) untreated cells; (B) AS b -treatcd cells; 
(Q S b -treated cells 





Figure 7 Quantitative RT-PCR determination or bcl-2 mRNA. 
Cells 5x lOvral, in 25 mJ flasks, were treated with ODNs at the 
modalities indicated in Table 2. Total RNA was extracted after 3 
days of culture and the quantitative RT-PCR assay performed as 
described in Materials and methods. Top: agarose gel analysis of 
bcl-2 and 0-actin amplification products obtained from DOHH2 
cells, untreated (lanes 1-4), or treated with S b ODN (lanes 5-8) 
or S h ODN (lanes 9-12) were quantified by densitometry. Lanes 
1-4, 5—8 and 9-12, increasing aliquots of cDNA volumes used 
for PCR. Bottom: the amount of bcl-2 mRNA relative to j5-actin 
mRNA is expressed as percentage of the untreated controls 



mbr, and the S h ODN, designed to target the J 6 element 
of the IgH locus, were both able to down-regulate bcl-2 
expression in the DOHH2 cell lines, lowering bcl-2 
mRNA and protein levels, and consequently inducing 
apoptosis. None of the ODNs used as controls, 
including the As b ODN and the AS b ODN, which are 
the antisense counterparts of the S b ODN and the S h 
ODN, respectively, were active. Assuming that ODNs 
might match only -single stranded RNAs to form 
DNA-RNA heteroduplexes, the ineffectiveness of the 
antisenserorientated ODNs, compared to the sense- 
orientated ODNs, might eventually be explained by the 
higher steady-state levels of the hybrid mRNA with 
respect to the hybrid antisense transcript. Although 
substantial lack of data on this matter, it has been 
claimed that sub-stoichiometric amounts of antisense 
RNA can sometimes be very efficient (Nellen and 
Lichens tein, 1993). The effectiveness of sense ODNs 
targeting the fusion region of the DOHH2 cells used in 
some experiments (not shown) was, by virtue of the 
unique nucleotide sequence present in the fusion site, 
restricted to this cell line, while the ODNs targeting 
regions of the hybrid bcl-2flgH RNA shared by most 
t(14;18) cells may virtually be effective in all follicular 
lymphoma cells. 

Endogenous antisense transcripts have been fre- 
quently described in both prokaxyotic and eukaryotic 
cells (Nellen and Lichtenstein, 1993; Taylor el al y 1991; 
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Fluorescence intensity 

Figure 8 BCL-2 protein determination in S b ODN- treated 
DOHH2 cells, Flow cytometry histograms of negative controls 
(-) and of BCL-2 MoAb ( + ) cells of untreated cells (A) t ODN- 
Sc b (B), ODN-As b (Q and ODN-Sb (D) treated cells are reported. 
BCL-2 protein was quantified by indirect immunofluorescence 
after 3 days of culture as indicated in Table 2. In the cell samples 
exposed to sense oligonucleotides there is a sub-population of 
apoptotic cells (dot-plot of Figure 7) responsible for the non 
specific fluorescence as shown in panel 8D and 9D 



1993; Peterson and Myers, 1993). In the latter, they 
have been found within genes relevant for cell 
proliferation, like C-and U-myc (Krystal et ai, 1990; 
Celano et ai t 1992; Spicer and Sonenshein, 1992), p53 
(Khochbin et ai, 1992), topoisomerase I (Shiang et ai, 
1993), IGF-II (Rivkin et aL, 1993), and bFGF 
(Murphy and Knee, 1994; Volk et al. t 1989; Kimelman 
and Kirschner, 1989; Borja et a/., 1993). In particular, 
in a Burkitt lymphoma t(8;l4) cell line where the fi- 
wirr.h rftaion nf the. TaH lornis is fused to thp. rodinP 
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Figure 9 BCL-2 protein determination in Sh ODN-treated 
DOHH2 cells. Flow cytometry histograms of negative controls 
(-) and of BCL-2 MoAb ( + ) cells of untreated cells (A) or 
ODN-Sc h (B), ODN-ASb (C) and ODN-S b (D) treated cells are 
reported. BCL-2 protein was quantified as indicated in Figure 8 



altering RNA functions with different mechanisms, 
including the activation of double-strand specific 
RNAses (Cornelissen, 1989; Nellen and Lichtenstein, 
1993). Inhibition- of gene expression obtained via 
artificial antisense constructs supports this possibility 
(Munir et aL, 1992). Although coding properties have 
been occasionally described for antisense transcripts 
(Kimelman and Kirschner, 1989), an unsuccessful 
search for potential open reading frames and its 
hybrid nature are against this possibility for the 
antisense bcI-2/lgH transcript. The two ODNs 
designed to inactivate the antisense transcript in the 
DOHH2 cells down-regulate bcl-2 expression. This 
result might suggest that the bcl-2 /IgH antisense 
transcript exerts the opposite effect of natural and 
transgenic antisense transcripts (Nellen and Lichten- 
stein, 1993). The hypothetical paradoxical behaviour of 
this ic/-2/IgH antisense transcript might be ascribed to 
the peculiar situation occurring in the t(14;18) cells, 
where the antisense transcript might mask a 5' portion 
of the bcl-2 3' UTR, that might behave as a consensus 
sequence for trans-regulating activities. 

Moreover, specific sequences endowed with RNA 
destabilizing properties and characterized by reiterated 
and overlapping AUUUA motifs have been described 
for a number of mRNAs of human genes, like fos 
(Wilson and Treisman, 1988; Raymond et aL, 1989; 
Greenberg et al. t 1990; Roy et aL, 1992), myc (Schuler 
and Cole, 1988; Brewer and Ross, 1988), interferon P 
(Whittermore and Maniatis, 1990; Peppel el aL, 1991; 
Gessani el al. t 1993), TNF (Caput et aL, 1986; Jochum 
et a/., 1990; Jacob and Tashman, 1993) and GM-CSF 
(Schuler and Cole, 1988; Shaw and Kamen, 1986; 
Bickel el aL, 1992). Reiterated and overlapping AU- 
rich motifs with the same features as those found to 
negatively modulate the mRNA half-life have been 
found nested in a region (Figure 1) that is, surprisingly, 
highly conserved between human, mouse and chicken 
bcl-2 3' UTR (our observation). The existence of 
putative regulatory elements in the 3' UTR of bcl-2 
mRNA may also be argued on the basis of recent 
findings relative to endogenous bcl-2 down-regulation 
by wild type p53 protein in the murine Ml leukaemia 
cell line (Selvakumaran et al. t 1994; Miyashita et aL, 
1994b) and by mutated p53 protein in breast cancer 
cell lines (Haldar et aL, 1994), although a p53- 
responsive negative regulative element has been 
identified in a portion of the bcl-2 gene corresponding 
to the mRNA 5' UTR (Miyashita et aL, 1994a). In 
conclusion, a chimeric bcl-2/lgU antisense transcript 
has been found in the t(14;18) cell lines. The inhibition 
of bcl-2 expression by synthetic ODNs designed to 
target the antisense RNA might suggest a novel 
molecular mechanism for neoplastic transformation in 
t(14;18) cells. 



region of c-rnyc two antisense promoters affecting c- 
myc expression have been clearly identified starting 
from the /^-switch region (Apel et aL, 1992). The 
general relevance of antisense transcription as a 
possible mechanism modulating gene expression is so 
far unknown. The suggested activity of antisense 
transcripts is the specific down-regulation of protein 
levels by complexing the relevant RNA and thereby 



Materials and methods 

Cell lines 

The DOHH2 (Kluin-Nelemans et aL, 1991) and SU-DHL-4 
(Cleary et aL, 1986) follicular lymphoma cell lines, carrying 
the 14; 18 chromosomal translocation, and the t(14;l8)- 
negative Raji B (Burkitt lymphoma) (Lenoir el aL, 1982) 
and Jurkat T (acute leukaemia) (Weiss and Stobo, 1984) 
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cell lines were used in this study. Cells were maintained 
under standard conditions in RPM1 1640 medium (Gibco, 
Gaithersburg, MD) supplemented with 10% fetal calf 
serum and controlled for mycoplasma. Viability was 
assessed by the trypan blue dye exclusion assay. 

RNA extraction 

Total cellular RNA was obtained from 10 7 cells using 
RNAzol B (Cynna Biotecx, Houston, USA) as extracting 
medium according to the manufacturer's instruction, 
treated with RQ1 RNase-free DNase (Promega, Madison, 
WI) in order to avoid possible DNA contamination, and 
purified by ethanol precipitation. RNA was then dissolved 
in 10 p\ RNasin (1 U//il), analysed on 1% agarose gel and 
quanlitated spectrophotometrically. 

Primers 

The sequence, position and orientation of each primer used 
for the strand-specific or the quantitative RT-PCR 
(purchased from Genosys, Cambridge, England) analysis 
are shown in Figure 2. 

Strand specific RT-PCR 

Starting from the total RNA obtained as described, the 
sense or the putative antisensc bcl-2/lgH RNA were 
reversely transcribed by strand-specific primers located 
either in the bcl-2 or in the IgH locus, upstream of or 
downstream from the breakpoints of the DOHH2 and SU- 
DHL-4 cells. Total RNA from the t(14;18)-negative Raji 
and Jurkat cell lines was used as control. The reaction 
mixture (25 /il) contained about 2-3 pg of total RNA, 
1 U//zl RNasin (Promega), 0.25 pg/p\ BSA, 1 mM dNTPs, 
50 mM Tris-HCl pH 8.3, 75 KC1, 3 mM MgCl 2 , 10% 
glycerol and 12.5 pmol of each extension primer. After 
heating at 80°C for 5 min and rapidly cooling for primer 
annealing, the reaction was started by the addition of 
500 U of Mo-MLV reverse transcriptase (Promega), 
protracted for 120 min at 37°C and blocked by heating at 
95°C for 10 min. In order to have a control of the primer 
annealing specificity, a second reverse transcription was 
carried out for some experiments at 50°C. The strand- 
specific 6c/-2/IgH cDNAs were treated with RNase ONE 
(Promega), purified by a double phenohchloroform 
extraction, ethanol precipitated and detected following 30 
(sense transcript) or 45 cycles (antisense transcript) of a 
standard hot-start PCR procedure with the primer pairs 
shown in Figure 2 at 1 pu final concentration. Primer pairs 
1-2 and 6-7 targeted two bcl-2 cDNA segments of the 3' 
UTR region shared by both cell lines, i.e. the first .a 
segment upstream of the translocation point and the 
second a segment immediately downstream from the 
coding region. The bcl-2/lgH fusion region peculiar either 
of SU-DHL^ (primer pair 3-5) or of DOHH2 (primer 
pair 4-5) were also targeted. Denaturation occurred for 
1 min at 92°C, annealing for 1 min at 65°C (primer pairs 
3-5 and 4-5) or at 56°C (primer pair 1-2) or at 60°C 
(primer pair 6-7), and extension for 1 min at 72°C. To 
detect any possible DNA contamination, negative controls 
were obtained by treating RNA extracts with RNase ONE 
before reverse transcription and were then tested in the 
same PCR assay. 

Identification of PCR products 

PCR products were routinely run on 2% agarose gel. 
Relevant bands were excised, purified by the GENE 
CLEAN II kit (Bio 101 Inc., La Jolla, CA) according to 
l he manufacturer's instructions, and identified either by 
Southern blot assays, using as probe a 1.9 kb bcl-2 cDNA 



fragment corresponding to the coding region and part of 
the 3' UTR of the bcl-2 cDNA (Cleary et al. 9 1986), and by 
sequencing, using the fmol sequencing kit (Promega). 

Oligonucleotide treatment 

HPLC-purified 18 mer phosphodiester ODNs used for cell 
treatments were purchased from Primm (Milan, Italy). 
Sequences were chosen to target either the sense or the 
putative antisense bcl-2-JgH transcript both upstream of 
and downstream from the DOHH2 junction region, from 
the 2625 to the 2642 residues of bcl-2 cDNA (Cleary et c/ M 
1986) and from the 3119 to the 3136 residues of the J H „ 
consensus of the IgH locus (Ravalech et a/., 1981) 
respectively. Scrambled and inverted ODNs were used as 
negative controls. ODNs employed in cell treatments are 
reported in Table 1. ODNs were maintained for three days 
in the culture medium at concentrations ranging from 5 to 
10 um. In preliminary experiments carried out as pre- 
viously reported (Capaccioli et aL y 1993) the ODN half-life 
in RPMI culture medium supplemented with 10% heat- 
inactivated (65°C) fetal calf serum was approximately 24 h. 
Therefore, ODNs were initially supplemented by the 
medium at 10 /im concentration, and at the halved 
concentration of 5 pM in the following 2 days of 
treatment. At the end of treatment cell growth inhibition, 
apoplosis rate, bcl-2 mRNA and protein levels were 
quantified as described below. 

Evaluation of cell growth inhbition 

After the 3-day ODN treatments, cell growth was 
evaluated both by cell counting by two different 
operators, and by the MTT colorimetric assay (Denizot 
and Lang, 1986). 

Evaluation of apoplosis rate 

Cells undergoing programmed death were evaluated by 
quantifying in an EPICS-C cytofiuorometer (Coulter 
Electronics, Hialeah, FL) equipped with an argon-ion laser 
(settings: 488 nm, 500 mw) the apoptotic DNA breaks after 
labelling their 3'-OH ends with fluoresceinated deoxyuridine 
(FITC-dUTP, Boehinger-Mannheim, Germany) by terminal* 
deoxytransferase (TdT, Boeh ringer-Mannheim) (Delia et ai t 
1993). Cells were fixed in 2% paraformaldehyde for 10 min, 
washed twice with 0,1 M Tris-buffered saline (pH 7.2), fixed 
for 1 min in acetone and washed with Tris-buffered saline. 
After incubation with 0.5 IU//d TdT and 1.5 pM FITC- 
dUTP in I xTdT buffer for 1 h at 37°C, cells were again 
washed twice and analysed by flow cytometry. 

Quantification of bcl-2 mRNA by RT-PCR 

Cellular levels of bcl-2 mRNA were determined by an 
internal standard-based semiquantitative RT-PCR method 
as previously described (Quattrone et ai, 1995; Aiello et 
al. t 1992), using either p 3 microglobulin or 0-actin as 
internal standards. Total cellular RNA, extracted from 
about 10* cells, DNase treated and purified as described 
above, was reversely transcribed by using random 
hexamers in order to obtain a total cDNA preparation. 
Both the bcl-2 and the internal standards, i.e. cither 
microglobulin or /?-actin, cDNA were amplified in separate 
reactions following a standard hot-start PCR procedure in 
the presence of [a"P] dATP by using the quantitative RT- 
PCR primers shown in Table 1. PCR cycles were 30, 
Denaturation step was at 92°C for 1 min, extension at 
72°C for 1 min and annealing ul 56°C (primer pair A-B 
and C-D), or at 48°C (primer pair E-F) for 1 min. 
Amplification products were analysed on 2% agarose gel 
and identified as previously described. Quantification of 
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bcl-2 cDNA PGR products was carried out by radiometric 
counting of excised bands or by densitometric analysis: at 
Jeast three values falling within the linear range of 
amplification referred to that of the standard gene PCR 
products were normalized for the relevant volumes in order 
to obtain the quantitative data. 

Quantification of BCL-2 protein by flow cytometry 

The cellular levels of BCL-2 protein were determined by a 
flow cytometry method as described (Aiello et al., 1992). 
Briefly, 2xl0 7 cells were pclletted, fixed in 2% parafor- 
maldehyde/1 % triton, resuspended in acetone, passed into 
cold absolute methanol and washed in phosphate buffer 
saline (PBS). Anti-BCL-2 MoAb (Pezzella el al., 1990) and 
normal mouse serum were used in human AB serum- 
pretreated cells. Indirect immunofluorescence staining for 
BCL-2 was carried out in microtiter plates as published in 
detail (Aiello et al., 1990). Following three washes, cells 
were analysed by the EPICS cytofluorometer equipped with 
an argon-ion laser (settings, 488 nm, 500 mw). 
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The level of cellular myc proto-oncogene expression is rapidly regulated in response to environmental signals 
and influences cell proliferation and differentiation. Regulation is dependent on the fast turnover of c-myc 
mRNA, which enables cells to rapidly alter c-myc mRNA levels. Efforts to identify elements in myc mRNA 
responsible for its instability have used a variety of approaches, all of which require manipulations that 
perturb normal cell metabolism. These various approaches have implicated different regions of the mRNA and 
have led to a lack of consensus over which regions actually dictate rapid turnover and low steady-state levels 
of c-myc mRNA. To identify these regions by an approach that does not perturb cell metabolism acutely and 
that directly assesses the effect of a c-myc mRNA region on the steady-state levels of c-myc mRNA, we developed 
an assay using reverse transcription and PCR to compare the steady-state levels of human myc mRNAs 
transcribed from two similarly constructed myc genes transiently cotransfected into proliferating C2C12 
myoblasts. Deletion mutations were introduced into myc genes, and the levels of their mRNAs were compared 
with that of a near-normal, reference myc mRNA. Deletion of most of the myc 3' untranslated region (UTR) 
raised myc mRNA levels, while deletion of sequences in the myc 5' UTR (most of exon 1), exon 2, or the 
protein-coding region of exon 3 did not, thus demonstrating that the 3' UTR is responsible for keeping myc 
mRNA levels low. Using a similar reverse transcription-PCR assay for comparing the steady-state levels of two 
P-globin-*nyc fusion mRNAs, we showed that fusion of the myc 3' UTR lowers globin mRNA levels by 
destabilizing 0-globin mRNA Surprisingly, fusion of the protein-coding region of myc exon 3 also lowered 
globin mRNA steady-state levels. Investigating the possibility that exon 3 coding sequences may play some 
other role in regulating c-myc mRNA turnover, we demonstrated that these sequences, but not myc 3' UTR 
sequences, are necessary for the normal posttranscriptional down regulation of c-myc mRNA during myoblast 
differentiation. We conclude that, while two elements within c-myc mRNA can act as instability determinants 
in a heterologous context, only the instability element in the 3' UTR regulates its steady-state levels in 
proliferating C2C12 cells. 



Regulated expression of the c-myc gene is important for 
normal cell growth and differentiation, and the short half-life 
of its mRNA (12, 24) enables cells to rapidly regulate expres- 
sion levels by either transcriptional (4, 14, 17, 19, 20, 26, 31, 34, 
36, 44) or posttranscriptional mechanisms (6, 13, 15, 25, 50). 
Attempts to identify the as-acting element(s) responsible for 
the rapid decay of c-myc mRNA have implicated several insta- 
bility determinants. 5' truncated myc mRNAs resulting from 
chromosomal translocations in B-cell lymphomas were found 
to be unusually stable (18, 38, 40), leading to speculation that 
this region contains destabilizing sequences. However, fusion 
of c-myc exon 1 sequences to more stable mRNAs does not 
confer instability (24, 37), suggesting that exon 1 destabilizes 
only in particular mRNA contexts or that the 5' truncated myc 
mRNAs are stabilized because of unusual sequences in the 5' 
leader (24, 37). The 3' untranslated region (UTR) of c-myc 
mRNA was implicated as an instability determinant by the 
presence of AU-rich regions and AUUUA motifs also found in 
the 3' UTRs of many other labile mRNAs, including granulo- 
cyte-macrophage colony-stimulating factor and c-fos mRNAs 
(10, 27, 42, 43). This was confirmed by studies of mRNA decay 
after inhibition of transcription with actinomycin D, which 
indicated that myc 3' UTR sequences are important for its 
rapid turnover (1, 23, 24). Finally, protein-coding sequences in 



* Corresponding author. Mailing address: 663 CRB, 415 Curie Blvd. 
University of Pennsylvania, Philadelphia, PA 19104. Phone: (215) 898- 
0258 or 898-0259. Fax: (215) 573-2028. 



myc exon 3 have been imputed to be determinants of instability 
through studies of the decay of chimeric myc mRNAs after 
actinomycin' D treatment (21), in vitro assays of myc mRNA 
decay (5), studies of myc mRNA induction following transla- 
tion inhibition (32, 50), and studies of the decay of myc 
mRNAs transcribed from a serum-inducible promoter (50). 
Thus, by using inhibitors of transcription or translation and 
serum-inducible promoters, different elements within myc 
mRNA have been implicated as being instability determinants. 

The methodologies used to identify myc mRNA instability 
elements acutely perturb the cell, so their effects on myc 
mRNA metabolism may not be restricted to the intended ef- 
fect. For example, actinomycin D globally inhibits transcription 
and has been shown to artifactually prolong the half-lives of 
certain mRNAs (35, 43, 50); cycloheximide globally inhibits 
translation, and only mRNA instability elements whose func- 
tion is translation dependent can be revealed by cycloheximide 
induction studies (50); and use of inducible promoters raises 
the issue of whether measurements made under conditions 
necessary for promoter induction are generally applicable (50). 
These factors and concerns may explain why different ap- 
proaches have implicated different regions of myc mRNA as 
instability determinants and why determinants implicated by 
one approach frequently have not been confirmed by another. 
mRNA turnover can be determined without grossly perturbing 
cell metabolism and introducing potential artifacts by using 
radiolabeled uridine, but pulse-chase or chase-in experiments 
(37, 39) are cumbersome to perform and unsuited for studying 
short-lived, low abundance mRNAs, and they cannot be used 
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to study mRNAs from transfected genes when mRNA from 
the endogenous homolog is present. 

The limitations of conventional means for analyzing myc 
mRNA turnover have led us to develop an assay that can 
identify instability determinants that regulate steady-state lev- 
els of c-myc mRNA with a minimum of cell perturbation. Our 
approach is to compare the steady-state levels of mRNAs from 
two cotransfected genes, one that produces a near-normal myc 
mRNA and one that produces a mutant myc mRNA. When 
transcription and processing of the two mRNAs are similar, 
their relative turnover rates are reflected in their comparative 
steady-state levels, and if the half-life of one is known, the 
half-life of the other can be deduced. By its nature, this assay 
detects mRNA elements that regulate steady-state levels and 
are physiologically significant. We present the results of studies 
identifying sequences in myc mRNA that determine its steady- 
state levels. 

MATERIALS AND METHODS 

Cell culture and DNA transfection. All experiments were performed with 
C2C12 myoblasts (7) obtained from the American Type Culture Collection 
(Rockville, Md.) and maintained in Dulbecco's minimum essential medium 
(DMEM) supplemented with 10% fetal calf serum, 5% C0 2 , penicillin, and 
streptomycin. Plasmids containing test genes were stably cotransfected into 
C2C12 cells with a plasmid containing a Neo r gene by using the calcium phos- 
phate method. After selection in 400 u.g of G418 (Gibco) per ml, pools of 20 to 
50 surviving colonies were expanded for study. C2C12 cells were also transiently 
transfected with calcium phosphate and glycerol shock, and their cytoplasmic 
RNAs were extracted for analysis 2 or 3 days later. When two plasmids were 
transiently cotransfected, a plasmid transfection mixture was created by pooling 
equal numbers of bacteria (determined by optical density at 600 nm) containing 
the two plasmids prior to purification by cesium chloride gradient centrifugation; 
this assures, as much as possible, that the two plasmids will be comparable in 
terms of quality and transferability. 

Plasmid constructions. Salient features of the plasmids used in this study are 
diagrammed in Fig. 1. The normal human c-myc gene contains three exons, and 
CM 19 is a pUC-based plasmid that contains all of human c-myc from the Xhol 
site (between the PI and P2 promoters) to the EcoRI site (3' to exon 3) under 
the transcriptional control of the Moloney murine leukemia virus long terminal 
repeat (MLV LTR); it is identical to the pM21 (45) except that the Clal site 5' 
to the LTR has been deleted. A tagged CM19 gene, CM19ml409, was created by 
introducing an A-to-C mutation at myc codon 281 by site-directed mutagenesis. 
This generated a BamHl site and allows CM 19m 1409 to be distinguished from 
CM 19 while preserving the correct reading frame and encoded amino acid 
(serine). 

The following myc deletion mutants were created for our studies. myc(X/N) 
was made by using the HinclhBamHl segment of the simian virus 40 (SV40) T 
antigen gene containing the polyadenylation signal (SVpA), after passage 
through a shuttle vector to generate suitable restriction sites, to replace the 
Nsil-EcoRl segment of CM19; all but the first 75 bases of the myc 3' UTR were 
deleted in /m>c(X/N). myc(X/N)ml409 was created similarly by replacing the 
Nsil-EcoKl site of CM19ml409 with the SVpA and is identical to myc(X/N) 
except for the A-to-C mutation at myc codon 281. myc(?/R) was created by 
ligating the MLV LTR to the Pvull site in myc exon 1, resulting in deletion of all 
but the last 41 nucleotides (nt) of myc exon 1. /m>c(P/N) was created by substi- 
tuting the SVpA for the Nsil-EcoRl segment of myc(P/R). The construction of 
plasmids myc( A265^33), myc(A371-433), /m»c(A3 12-433), and myc(A41-178) in 
which myc codons 265 to 433, 371 to 433, 312 to 433, and 41 to 178 were deleted, 
respectively, was previously described (45). wyc(A312-433)SVpA was created by 
substituting the SVpA for the Nsil-EcoRl segment of myc( A3 12-433). To create 
myc(A6-203)(A37M33)SVpA, the 5' half (Huidlll-Bglll fragment) of a myc 
deletion mutant in which codons 6 to 203 were removed from myc exon 2 (45) 
was used to replace the equivalent portion of myc(A371-433), and the SVpA was 
substituted for the NsihEcoRl segment; myc(A6-203)(A371-433)SVpA has most 
of myc exon 2, a substantial portion of exon 3, and most of the myc 3' UTR 
deleted. CM19pAl was created by PCR amplification of sequences from the first 
myc AATAAA polyadenylation signal to the downstream Eco Rl site of CM 19 by 
using oligonucleotide primers introducing a 5' Nsil site and ligated into the 
Nsil-EcoRl site of CM 19; CMl9pAl is identical to CM 19 except that sequences 
between the Nsil site and 1 nt 5' to the first myc AATAAA are deleted. 
CM19pA2 was created in an similar manner, and differs from CM 19 in that 
sequences between the Nsil site and 5 nt 5' to the second myc AATAAA are 
deleted. 

To construct human 0-globin-myc fusion genes, a C-to-A mutation was first 
introduced by site-directed mutagenesis at codon 141 of a pGEM2-based human 
p-globin gene to create an Nco\ site. p-globin-mye fusion genes were created by 
using a duplex polylinker with a 5' Nco\ overhang and a 3' Xhol overhang to 



connect myc sequences 3' to the Xhol site in myc A7ioI-linker insertion or 
deletion mutants (45) to P-globin sequences 5' to the newly created Ncol site. 
These chimeric genes are fused to preserve the authentic myc reading frame and 
are under the transcriptional control of the MLV LTR. They are named to 
indicate both the first myc codon fused in frame to human p-globin sequences 
and the polyadenylation signal used. For example, pGm263SVpA contains the 
first 140 codons of MLV p-globin fused in frame to a myc segment from codon 
263 to the Nsil site 75 nt 3' to the myc translation termination codon and uses the 
SVpA With the exception of pGm(40-263)SVpA (see below), plasmids contain 
all myc codons from the named codon through the Nsil site. To create tagged 
p-globirwm>c fusion genes, a C-to-T mutation was introduced into p-globin 
codon 122, which destroys an EcoRI site but preserves the encoded amino acid 
(phenylalanine). Tagged genes are designated with a RI" suffix. pGm(40- 
263)SVpARI" was created by ligating the Xhol-BstEll fragment of In40 (45) to 
the BstEll-Clal fragment of pSP65mycIIA (45) and inserting this fragment into 
the Xhol site of pGm434SVpARr by using a short polylinker with a 5' Clal and 
a 3' Xhol overhang, which frameshifts myc codons 434 to 439 to the + 1 reading 
frame. It has p-globin codons 1 to 140 followed in frame by myc codons 40 to 263 
followed by 11 irrelevant codons and uses the SVpA 

To create pG-rpL32, cDNA sequences containing the first 133 codons (out of 
a total of 135) of ribosomal protein L32 (rpL32) (16) (gift from Xinkang Wang) 
were PCR amplified with oligonucleotide primers introducing a 5' Xhol site and 
a 3' Hindi site and inserted in frame between the Xhol-Hincll sites of 
pGm434SVpARI". pG-CAT fuses the last 181 codons (out of a total of 219) of 
the bacterial gene encoding chloramphenicol acelyltransferase (CAT) and SVpA 
to globin and was created by inserting the Xhol-BamHl fragment of MLV-CAT- 
SVpA (49) into pGm434SVpART. 

RT-PCR+1 assay of comparative mRNA abundance. Total cytoplasmic RNA 
was extracted from transiently transfected C2C12 myoblasts by a reduced-scale 
modification of the method of Laski et al. (29). Oligo(dT) primed reverse tran- 
scription of cytoplasmic RNA was performed with MLV reverse transcriptase 
(Gibco BRL) according to the manufacturer's instructions. PCR amplification of 
cDNA was performed with Taq polymerase (Promega) in 50 mM Tris-HCl (pH 
9.0), 20 mM (NH 4 ) 2 S0 4 , 1.5 mM MgCI 2 . 200 mM deoxynucleoside triphos- 
phates, and 1 mM oligonucleotide primers on a PTC- 100 thermal cycler (MJ 
Research, Cambridge, Mass.). From cells transiently cotransfected with recom- 
binant human myc genes, a 248-bp sequence of human myc cDNA was amplified 
with oligonucleotide primers HMF1 182 and HMR1430 (see below and Fig. 2) for 
30 cycles of 92°C for 30 s, 60°C for 30 s, and 72*C for 30 s. Following completion 
of PCR, a 32 P-end-labeied, nested primer, HMF1269, was added to each PCR 
mixture for one additional cycle (the + 1 cycle) of amplification, myc reverse 
transcription (RT)-PCR+1 products were restricted with BamHl, heat dena- 
tured, and resolved on a 6% polyacrylamide Sequagel (National Diagnostics). 
From ceils transiently cotransfected with p-globin-myc fusion genes, a 214-bp 
sequence of p-globin cDNA was amplified with oligonucleotide primers pGF2 
and pG3'Rev (see below) for 30 cycles of 92°C for 30 s, 62°C for 15 s, and 72°C 
for 15 s. A +1 cycle was conducted with a "P-cnd -labeled nested primer, pGFl, 
and the products were restricted with EcoRl and resolved by electrophoresis. 
RT-PCR+1 products were quantitated on a Molecular Dynamics Phosphorlm- 
ager (Sunnyvale, Calif.) with ImageQuant software. The relative abundance of 
the RT-PCR+1 products (and, hence, of the mRNAs) from two cotransfected 
genes is normalized for the molar ratio of the cotransfected plasmids determined 
by Southern analysis (see below). 

To create a radiolabeled DNA fragment that indicates complete digestion of 
the RT-PCR+1 products by BamHl (BamHl cutting control), a 248-bp sequence 
of CM19ml409 cDNA was amplified with HMF1182 and HMR1430 with the 
addition of 20 u.Ci of [a« 32 P]dATP (3,000 Ci/mmol) (DuPont NEN) to the PCR 
mixture. To create a radiolabeled £coRI cutting control, an irrelevant 115-bp 
DNA fragment was first ligated into the BamHl site in exon 2 of the human 
p-globin gene to create pGInll5. Total cytoplasmic RNA isolated from cells 
transiently transfected with pGInll5 was reverse transcribed, and the radiola- 
beled £coRI cutting control was produced by amplification of a 329-bp sequence 
of pGlnll5 cDNA with PGF2 and pG3'Rev with the addition of 20 u,Ci of 
[a- 32 P]dATP (3,000 Ci/mmol) to the PCR mixture. Both the BamHl and £coRI 
cutting controls have their restriction sites flanked by the same sequence as the 
RT-PCR+ 1 products being cut. 

The primers and their sequences used in this study are as follows: HMF1182, 
5'AAGTCCTGCGCCTCGCAAV; HMR1430, 5'GCTGTGGCCTCCAGCAG 
A3'; HMF1269, 5'CCCGAGCCCCTGGTGCTCCAT3'; pGF2 , 5 'AA GTG CT 
CGGTGCCTTTAGTG A3 ' ; pG3'Rev, 5'ACACCAGCCACCACTTTCrGA3'; 
and PGFl. 5 ' CAAGGGCACCTTTGCCACACT3 ' . 

Differentiation assays and actinomycin D studies of mRNAs in stably trans- 
fected cells. Differentiation assays were performed as previously described (49). 
Briefly, stably transfected C2C12 cells were seeded at subconfluent density into 
multiple culture plates containing DMEM supplemented with 10% fetal calf 
serum and antibiotics. Cells were cultured to confluence and then induced to 
differentiate into multinucleated myotubes by changing the media to DMEM 
containing 2% horse serum. Total cytoplasmic mRNA was isolated on serial 
culture days, and mRNA levels were determined by Northern (RNA) analysis 
using the glyoxal method (33). RNA was electroblotted to Hybond N (Amer- 
sham) and UV cross-linked. Hybridizations were carried out by modifications of 
the method of Church and Gilbert (11) with probes labeled by random priming. 
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To analyze mRNA decay after actinomycin D treatment, stably transfected cells 
were seeded into multiple culture plates. After adding actinomycin D (Sigma) to 
each plate at a final concentration of 10 jig/ml, total cytoplasmic RNA was 
isolated at defined time points, and mRNA levels were determined by Northern 
analysis. To examine human myc mRNAs, we used a human c-myc exon 1 probe 
(Xho\-Pvull fragment); to examine 0-globiiwnyc fusion mRNAs, we used a 
full-length human 0-globin cDNA fragment from pSP0KC (gift from Stephen 
Liebhaber); to examine C2C12 c-myc mRNA, we used a murine c-myc exon 1 
probe (BamHl-Sacl fragment) or a human c-wiyc exon 2+3 cDNA probe from 
pSP65mydIA (45); and to examine rpH2 mRNA we used a full-length cDNA 
probe (16). To calculate mRNA half-lives after actinomycin D treatment or 
downregulation during differentiation, mRNA levels were normalized for RNA 
loading by using the level of stable rpL32 mRNA. mRNA levels at each time 
point after actinomycin D treatment relative to the mRNA level in untreated 
cells were used to generate a best-fit exponential -decay curve by using Cricket 
Graph (Malvern, Pa.), from which half-lives were calculated. Exceptions to this 
method of half-life analysis include pGm434SVpA and rpL32 mRNAs, which 
have long half-lives; their mRNA levels were normalized for RNA loading by 
ethidium bromide staining of RNA on Hybond N membranes. mRNA levels in 
differentiating C2C12 cells were compared with mRNA levels in preconfluent 
cells to determine the fold downregulation. 

Southern analysis of plasmid ratios. Southern analysis was used to determine 
the precise ratio of plasmids in copurified plasmid mixtures and episomal DNA 
extracted from nuclei of transiently transfected cells (22). Copurified wye plas- 
mids, one of which was usually CM19ml409, were digested with Bglll, Bom HI, 
and either Mil or EcoRl. Southern blots of the digests were probed with the 
1.3-kb Bgtl\-BamH\ fragment of CM19ml409 in which a BamHl site was engi- 
neered at codon 281. Autoradiography reveals a 1.3-kb BgM-BamHl fragment 
from CM19ml409, which is easily distinguished from the longer Bgftt-EcoKi or 
BglXVNsil fragment of the copurified myc gene that does not have a codon 281 
BamHl site. The relative abundance of copurified 0-globiiwnyc fusion genes was 
determined by Southern analysis following BamHl and EcoKl digestion and 
probing of the blots with the 0.9-kb BamHl-EcoKl fragment from the normal 
0-globin gene, p-globin-myc fusion genes containing an EcoRl site in 0-globin 
exon 3 produce a 0.9-kb fragment, which is easily distinguished from the longer 
BamHl-EcoRl fragments derived from genes in which the EcoRl site in exon 3 
was obliterated. 

RESULTS 

RT-PCR+1 assay for comparing myc mRNA levels. mRNA 
instability plays a major role in determining the steady-state 
level of c-myc mRNA. Although multiple putative cw-acting 
instability, elements have been identified (21, 24, 28, 50), the 
ones that influence steady-state c-myc mRNA levels are un- 
known. To address this issue, we developed a method for 
identifying myc mRNA elements that regulate its steady-state 
level. Our approach compares the steady-state levels of two 
human myc mRNAs— one a near-normal, reference myc 
mRNA and the other a mutant myc mRNA — encoded by two 
recombinant myc genes transiently cotransfected into cells in 
equimolar amounts. To equalize rates of mRNA transcription 
and processing, the cotransfected myc genes are constructed in 
identical plasmids and have identical structural features (pro- 
moter-enhancers, splicing patterns, and polyadenylation sig- 
nals, whenever feasible). Under these conditions, equally sta- 
ble mRNAs will be equally abundant, while removal of an 
instability determinant in the mutant mRNA will result in a 
comparatively higher mRNA level. The relative abundance of 
the two myc mRNAs should be proportional to their half-lives, 
and if the half-life of one is known, the half-life of the other can 
be deduced. This assay is similar in principle to an assay pre- 
viously described by Weiss and Liebhaber (47, 48). 

To determine which elements in human c-myc mRNA are 
important for regulating its steady-state levels, comparative 
levels of human myc mRNAs were analyzed in proliferating 
murine C2C12 myoblasts. In these cells, human c-myc mRNA 
has been shown to have a short half-life and is posttranscrip- 
tionally downregulated during myogenic differentiation like 
endogenous murine c-myc mRNA (49, 50), making this system 
suitable for analyzing elements that regulate steady-state levels 
of human c-myc mRNA. C2C12 cells at low density were tran- 
siently transfected with essentially normal human c-myc genes 



contained in plasmids CM19 and CM19ml409 (Fig. 1). These 
two genes, which differ only by a silent point mutation in codon 
281 of CM19ml409, were transfected individually and together 
as a copurified mixture (see Materials and Methods). Cyto- 
plasmic RNA was isolated, and an RT-PCR+1 assay was used 
to compare the levels of the two human myc mRNAs (Fig. 2). 
After reverse transcription of the RNA, PCR amplification 
across the myc exon 2/3 splice junction with human myc- 
specific primers (HMF1182 and HMR1430) produced a 
248-bp fragment from human myc cDNA. The point mutation 
in CM19ml409 generates a BamHl site that distinguishes its 
RT-PCR product from that of CM19. An additional cycle of 
amplification with a radiolabeled nested primer, the +1 cycle, 
ensured that all radiolabeled products were obligate ho- 
modimers (9) at the BamHl site if a site is present. After 
BamHl digestion, the 161-bp radiolabeled nested products de- 
rived from CM19 and CM19ml409 mRNAs (Fig. 2B, lanes 1, 
3, and 5) were separated by denaturing gel electrophoresis into 
an uncut 161-bp radiolabeled band from CM19 (Fig. 2B, lanes 
2 and 6) and a cut 136-bp radiolabeled band from CM19ml409 
(Fig. 2B, lanes 4 and 6), which were quantitated on a Phos- 
phorlmager. Completeness of BamHl digestion was monitored 
with a radiolabeled cutting control added to the reaction (Fig. 
2B, lanes 2, 4, and 6 to 8). The primers and PCR conditions 
used amplified only human and not murine myc cDNAs (Fig. 
2A and B, compare lane 10 with lanes 1, 3, and 5). 

The RT-PCR+1 assay was found to be sensitive to a wide 
range of mRNA ratios. Following cotransfection of CM19 and 
CM19ml409 at molar ratios ranging from 1:25 to 17:1, this 
RT-PCR+1 assay yielded directly proportional mRNA ratios 
(Fig. 2C), indicating that the assay faithfully reported mRNA 
ratios over almost a 3-log range. Further, equivalence of the 
CM19/CM19ml409 input plasmid and output mRNA ratios 
indicated that the mutation in CM19ml409 did not disturb 
mRNA stability or processing. This important property of the 
reference myc mRNA was confirmed by showing that 
CM19ml409 mRNA, like endogenous c-myc and CM 19 
mRNAs (49), decayed with a 20 to 30 min half-life following 
actinomycin D treatment of stably transfected C2C12 cells 
(data not shown). 

Deletion of the 3' UTR increases steady-state levels of c-myc 
mRNA. The assay for comparing human myc mRNA levels was 
used to identify c-myc mRNA elements that determine its 
steady-state level. Earlier studies showed that the 3' UTR of 
c-myc mRNA contains sequences that confer rapid decay fol- 
lowing transcriptional inhibition by actinomycin D (21, 24). To 
test whether these sequences regulate steady-state myc mRNA 
levels, proliferating C2C12 cells were transiently cotransfected 
with a copurified mixture of myc(X/N) and CM19ml409 plas- 
mids present at a 1:4 molar ratio. These two plasmids are 
identical except for the deletion of myc 3' UTR sequences in 
myc(X/N). By RT-PCR + 1 analysis, the level of myc(X/N) 
mRNA was 1.5-fold higher than CM19ml409 mRNA 2 days 
after transfection (Fig. 3A, lanes 1 and 3; control in lane 5). 
After normalization for the transfected plasmid ratio, 
myc(X/N) mRNA was sixfold more abundant than 
CM19ml409 mRNA. Measurements performed 3 days after 
transfection yielded similar results (Fig. 3A, lanes 2 and 4), 
indicating that the 6:1 ratio of myc(X/N) to CM19ml409 
mRNA reflected steady-state levels of the individual mRNAs. 
Two other copurified plasmid mixtures of myc(X/N) and 
CM19ml409 at molar ratios of 1.6:1 and 3.7:1 were cotrans- 
fected into C2C12 cells and produced steady-state myc(X/N)/ 
CM19ml409 mRNA levels at ratios of 5.7:1 and 33:1, respec- 
tively (Fig. 3A, lanes 6 to 10 and 11 to 15, respectively). After 
normalization for plasmid transfection ratio, the mRNA ratios 
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were 3.6 and 8.9. These results confirm that myc(X/N) mRNA 
is about five- to sixfold more abundant than CM19ml409 
mRNA at steady state (Table 1). 

Potential sources of artifact in our results were excluded by 
the following experiments. To exclude the possibility that the 
codon 281 mutation in CM19ml409 mRNA might have influ- 
enced the results, we introduced the mutation into myc(X/N). 
Following cotransfection of proliferating C2C12 cells with a 
mix of myc(X/N)ml409 and CM19, the normalized ratio of 
myc(X/N)ml409 to CM19 mRNA was 3.4 (Fig. 3A, lanes 16 to 
20), demonstrating that the relative abundance of myc(X/N) 
and CM19 mRNAs was determined by truncation of the myc 3' 
UTR and not by the codon 281 point mutation. Another po- 
tential source of artifact is altered efficiency of 3'-end-process- 
ing of myc(X/N) mRNA due to substitution of the SV40 poly- 
adenylation signal for the myc polyadenylation signals (46). To 
address this concern, we generated CM19pAl and CM19pA2 
in which myc 3' UTR sequences between the Nsil site and the 
first or second myc polyadenylation signal (3, 27) were deleted: 
CM19pAl retains both myc polyadenylation signals, and 
CM19pA2 retains the second, dominant (27) myc polyadenyl- 
ation signal (Fig. 1). CM19pAl and CM19pA2 were each co- 
transfected into C2C12 cells with CM19ml409, and their 
steady-state mRNA levels were found to be 3.0-fold and 3.9- 
fold more abundant than CM19ml409 mRNA (Fig. 3B; Table 
1), similar to the results obtained with myc(X/N). Finally to 
rule out the possibility that a difference in plasmid transfer- 



ability or metabolism accounted for these results, the relative 
levels of the plasmids in the nuclear episomal fraction from 
transfected cells were determined and found to be identical to 
those in the transfection mixture. Together, these results dem- 
onstrate that the 3' UTR of c-myc mRNA contains a determi- 
nant necessary for keeping the steady-state level of c-myc 
mRNA low, and this determinant is positioned between the 
Nsil site and the 5' myc polyadenylation signal. 

Deletion of other myc mRNA sequences does not signifi- 
cantly alter steady-state levels. Previous studies have sug- 
gested that elements within the 5' UTR and protein-coding 
domain may destabilize c-myc mRNA (5, 18, 21, 40, 50). To 
determine if these or other regions regulate steady-state c-myc 
mRNA levels, we used the RT-PCR+1 assay to compare the 
steady-state levels of CM19ml409 mRNA with those of several 
mutant myc mRNAs: myc(?fR) mRNA, which has most of the 
5' UTR deleted; myc(A41-178) mRNA, which has most of 
exon 2 deleted; and myc(A312-433) mRNA, which has most of 
the exon 3 protein-coding region deleted (Fig. 1). The normal- 
ized steady-state levels of myc(P/R), myc(A41-178), and 
myc(A312-433) mRNAs were between 1.0 and 1.5 times the 
level of CM19ml409 mRNA (Table 1), indicating that se- 
quences regulating c-myc mRNA steady-state levels in prolif- 
erating C2C12 cells do not reside in the deleted portions of 
these mRNAs. Certain regions of c-myc mRNA were not de- 
leted in any of our mutant myc mRNAs, because their removal 
might interfere with splicing (e.g., the ends of exons) or PCR 
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FIG. 2. RT-PCR+1 assay for comparing human myc mRNA levels. (A) Schematic diagram of RT-PCR+ 1 assay. Cytoplasmic RNA isolated from cells cotransfected 
with an equimolar ratio of two recombinant human c-myc genes (distinguished by a BamHI (B) site at codon 281 in one of the genes] was reverse transcribed. A 248-bp 
sequence of myc cDNA spanning the exon 2/3 splice junction was amplified by PCR with a 5' primer in exon 2 (HMF1182) and a 3' primer in exon 3 (HMR1430). 
An additional cycle of amplification with a radiolabeled (*) nested primer (HMF1269) was performed. After restriction with BamHI, the radiolabeled product from 
the mutated mRNA is 136 nt, while the product from the normal mRNA is 161 nt. (B) RT-PCR+1 analysis of CM19 and CM19ml409 mRNAs. Cytoplasmic RNA 
was isolated 2 days after C2C12 cells were transiently transfected with CM19, CM19ml409, or both plasmids. Human myc mRNAs were amplified by RT-PCR+ 1. and 
the products were resolved on a 6% denaturing polyacrylamide gel. The autoradiograph shows the results from cells transfected with the following: CM19 (lanes 1, 2, 
and 9), CM19ml409 (lanes 3 and 4), an equimolar ratio of CM19 and CM19ml409 (lanes 5 and 6) or pUCl9 (lane 10). The products in lanes 1, 3, 5, and 10 are 
undigested, while those in lanes 2, 4, and 6 were spiked with the BamHI cutting control and digested with BamHI prior to loading. Digested (lane 7) or undigested 
(lane 8) BamHI cutting control is shown, as is the result of PCR+1 amplification of RNA from CM19-transfected cells that has not been reverse transcribed (lane 9). 
BamHI cut (C) and uncut (U) products are labeled. (C) Ratio of CM19 to CMl9ml409 RT-PCR+1 products from cells transfected with various input plasmid ratios. 
CM19 and CM19ml409 were copurified at the following molar ratios (CM19/CM 19m 1409): 0.04, 0.14, 0.37, 0.83, 2.1, 4.8, and 17. Each copurified plasmid mixture was 
transfected into C2C12 cells, and cytoplasmic RNA was isolated after 2 days. RT-PCR+1 was performed, and the products were resolved on a 6% denaturing 
polyacrylamide gel. The autoradiograph demonstrates products derived from the copurified plasmid mixtures prior to (lanes 4 to 10) and following (lanes 11 to 17) 
BamHI digestion; the cut (C) and uncut (U) products are labeled. The PCR+1 product of RNA not reverse transcribed is shown in lane 1, and lanes 2 and 3 show 
uncut and cut samples of the cutting control added to each BamHI digestion. The results shown in the autoradiograph were quantitated on a Phosphorlmager, and 
CM19ml409/CM19 mRNA ratios (y axis) were plotted against the CM19ml409/CMl9 plasmid ratios used for transfection {x axis). The solid line indicates the actual 
plot, while the dashed line indicates an ideal plot with mRNA ratios equal to plasmid ratios. 
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primer binding (from codon 206 in exon 2 to codon 288 in exon 
3), so the effect of these sequences on myc mRNA levels was 
not determined. Since none of these regions has been impli- 
cated as an instability determinant, we considered it unlikely 
that these regions contain a determinant of steady-state levels. 

From the mRNA stabilization leading to the five- to sixfold- 
higher steady-state level of myc mRNAs missing the 3' UTR, 
one would infer that these mRNAs have half-lives of 100 to 150 
min, given the 20 to 30 minute half-life of CM19ml409 mRNA. 
Many mRNAs are even longer lived, raising the possibility that 



myc(X/N) may yet retain other destabilizing elements. There- 
fore, we determined whether deleting myc mRNA sequences 
in addition to the 3' UTR further increases myc mRNA levels. 
We examined steady-state levels of myc(P/N) mRNA (in which 
both 5' and 3' UTR sequences were deleted), of myc(A312- 
433)SVpA mRNA (in which most of the protein-coding se- 
quences of exon 3 and 3' UTR sequences were deleted), and of 
myc(A6-203)(A371-433)SVpA mRNA (in which most of exon 
2, the sequences at the 3' end of the exon 3 coding region, and 
the 3' UTR were deleted) (Fig. 1). Steady-state levels of these 
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TABLE 1. Comparative steady-state levels of myc mRNA deletion mutants 



Cotransfected plasmids 



Salient feature of test plasm id" 



mRNA ratio' 



Test plasmid 



Reference plasmid 



inb No- of 
determinations 



Single deletion 
myc (X/N) 
CM19pA2 

CM19pAl 

myc (P/R) 
myc (A41-178) 
myc (A312-433) 

Multiple deletions 
myc (A312-433)SVpA 

myc (P/N) 

myc (A6-203/371-433) 

SVpA 
myc (A312-433)SVpA 



CM19ml409 Most of myc 3' UTR deleted; SVpA substituted 
CM19ml409 myc 3' UTR from the Nsil site to the second poly(A) signal 
deleted 

CM19ml409 myc 3' UTR from the Nsil site to the first poly(A) signal 
deleted 

CM19ml409 Most of myc 5' UTR deleted 

CM19ml409 Most of myc exon 2 (codons 41 to 178) deleted 

CM19ml409 Most qf myc exon 3 (codons 312 to 433) deleted 

CM19ml409 3' end of myc exon 3 coding region and 3' UTR deleted; SVpA 
substituted 

CM19ml409 Most of myc 5' UTR and 3' UTR deleted 

CM19ml409 Most of exon 2, 3' end of myc exon 3 coding region, and 3' 

UTR deleted; SVpA substituted 
myc (X/N)ml409 3' end of myc exon 3 coding region and 3' UTR deleted; SVpA 

substituted; most of myc 3' UTR deleted in reference 

plasmid 



5.3 ± 2.6 
3.9 ± 0.3 

3.0 ± 0.9 

1.0 ± 0.5 
1.3 ± 0.2 
1.5 ± 0.1 



4.8 ± 0.4 

2.6 ± 0.04 
5.5 ± 0.5 

1.5 ± 0.3 



" See Materials and Methods for details of plasmid construction. m . 

b Test/reference mRNA ratios were determined by RT-PCR+ 1 ratio, after normalization for the input plasmid ratio as determined by Southern analysis. Values are 
average mRNA ratios (test/reference) ± standard deviations. 



multiply deleted mRNAs were 2.6- to 5.5-fold higher than that 
of CM19ml409 mRNA (Table 1), i.e., no higher than levels of 
myc mRNAs from which only the 3' UTR was deleted. Exam- 
ined another way, myc(A312-433)SVpA was not significantly 
(1.5-fold) more abundant than myc(X/N)ml409 (Table 1). 
Thus, none of these three extensively deleted myc mRNAs was 
appreciably more stable than myc(X/N) mRNA, suggesting 
that the myc 3' UTR contains the major instability determinant 
regulating steady-state c-myc mRNA levels in proliferating 
C2C12 cells. 

Sequences in the myc 3' UTR and protein-coding region 
independently lower steady-state levels of p-globin fusion , 
mRNA. To determine which elements in c-myc mRNA can 
regulate steady-state levels of a heterologous mRNA, we used 
the principle and design of the myc RT-PCR+1 assay to de- 
velop a similar assay for comparing levels of mRNAs contain- 
ing human p-globin sequences. Following cotransfection of a 
pair of p-globin-myc chimeric genes, a 214-bp sequence of 
globin cDNA was amplified by PCR with primers situated in 
globin exons 2 and 3. Endogenous globin genes are silent in 
C2C12 cells, so only globin cDNAs from the transfected genes * 
were amplified (for demonstration of specificity, see Fig. 5). 
The products of the two fusion mRNAs were distinguished by 
a C-to-T mutation engineered in globin codon 122 in one of 
the two genes (designated RI~), which eliminated a naturally 
occurring EcoRl site. Thus, after EcoRl digestion and dena- 
turing gel electrophoresis, the RT-PCR+1 product from the 
mutated mRNA yielded an uncut 168-bp band and that from 
the unmutated mRNA yielded a cut 119-bp band. A cutting 
control was added to monitor completeness of digestion. When 
pGm263SVpA and pGm263SVpARI~ (Fig. 1) were cotrans- 
fected into C2C12 cells at l:100-to-200:l molar ratios, the 
globin RT-PCR+1 assay yielded mRNA ratios similar to the 
plasmid transfection ratio, demonstrating that the assay re- 
ports a wide range of mR^NA ratios and that the codon 122 
mutation in pGm263SVpARI~ does not affect mRNA levels 
(data not shown). 

We anticipated that fusing determinants of myc mRNA in- 
stability to globin mRNA would lower steady-state levels of the 



globin-myc mRNA, i.e., normally stable globin mRNA should 
be destabilized. Levels of various globin-myc fusion mRNAs 
were compared with pGm434SVpA (Fig. 1) mRNA, which 
contains no sequences implicated in myc mRNA instability and 
has a half-life of 10.5 h in C2C12 cells by actinomycin D 
determinations (Fig. 4A and D). The level of 
pGm434mycpARI" mRNA (Fig. 1) was found to be 4.3-fold 
lower than pGm434SVpA mRNA both 2 and 3 days after 
transfection, demonstrating that the myc 3' UTR lowered 
steady-state levels of globin mRNA by 4.3-fold (Fig. 5, lanes 1 
to 5, and Table 2). Exchanging the construct containing the 
codon 122 mutation (i.e., pGm434SVpARI and 
pGm434mycpA) yielded the same result (Table 2). If this 
lower steady-state mRNA level was attributable to more rapid 
mRNA turnover, as our assay was designed to accomplish, 
pGm434mycpA mRNA should be turned over 4.3 times more 
rapidly than pGm434SVpA mRNA and have a half-life of 
2.4 h. Northern analysis of RNA from actinomycin D-treated 
C2C12 cells stably transfected with pGm434mycpA yielded an 
mRNA half-life of 2.5 h (Fig. 4B and D), suggesting that the 
lower steady-state level of pGm434/7iycpA mRNA was, in fact, 
due to mRNA destabilization. 

We also examined sequences in the protein-coding regions 
of myc exons 2 and 3 for their ability to reduce levels of 
chimeric globin mRNAs. Fusion of most of myc exon 2 in 
pGm(40-263)SVpARr mRNA (Fig. 1) lowered its abundance 
1.7-foid compared with pGm434SVpA mRNA (Fig. 5, lanes 11 
to 15, and Table 2). Fusion of myc exon 3 sequences from 
codon 263 to the Nsil site in the 3' UTR in pGm263SV P ARI 
mRNA (Fig. 1) lowered its abundance relative to pGm434SVpA 
mRNA by a highly significant 4.7-fold (Fig. 5, lanes 6 to 10, and 
Table 2). As with analysis of the effect of the myc 3' UTR, 
exchanging the construct containing the codon 122 mutation 
(i.e., pGm434SVpARI~ and pGm263SVpA) yielded the same 
result (Table 2). Northern analysis of RNA from actinomycin 
D-treated C2C12 cells stably transfected with pGm263SVpA 
yielded a half-life of 1.8 h (Fig. 4C and D), suggesting that the 
lower steady-state level was due to mRNA destabilization. The 
destabilization of globin mRNA by myc exon 3 protein-coding 
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sequences contrasts with the observation that steady-state myc 
mRNA levels were not significantly increased by deletion of 
codons 312 to 433. This apparent discrepancy is not explained 
by the additional myc sequences fused to pGm263SVpARI 
mRNA compared with those deleted from myc(A312-433), i.e., 
myc codons 263 to 311 and 434 to 439 and the first 75 nt of the 
myc 3' UTR. Codons 434 to 439 and the first 75 nt of the myc 
3' UTR are present in the reference (0Gm434SVpA) mRNA 
and cannot account for the relative instability of pGm263SV 
pARl" mRNA. Codons 263 to 311 are unnecessary for destabi- 
lization by myc exon 3 protein-coding sequences, as steady-state 
levels of pGm330SVpA and pGm263SVpARP mRNA were 
found to be similar (Table 2). Therefore, fusion of myc exon 3 
protein-coding sequences destabilizes globin mRNA, but their 
removal from myc mRNA does not significantly alter steady- 
state levels. 

To be certain that the destabilization of globin mRNA by 
fused myc sequences is a specific effect, we compared levels of 
chimeric globin mRNAs in which sequences from other 
mRNAs were fused at the same position. In-frame fusion of 



the first 133 codons of normally stable rpL32 mRNA (pG- 
rpL32) (Fig. 1) resulted in an mRNA with a steady-state level 
equal to that of pGm434SVpA mRNA (Table 2), indicating 
that globin mRNA was not destabilized simply by fusion of 
exogenous mRNA sequences. CAT mRNA has a half-life in- 
termediate between myc and globin mRNAs (2, 51). In-frame 
fusion of 181 codons of CAT mRNA (pG-CAT) (Fig. 1) re- 
sulted in an mRNA that was 1.6-fold less abundant than 
pGm434SVpA mRNA (Fig. 5, lanes 16 to 20, and Table 2), 
indicating that fusion of myc exon 2 sequences was no more 
destabilizing than fusion of CAT sequences. Compared with 
the modest destabilization of globin mRNA by CAT or myc 
exon 2 sequences, destabilization by myc 3' UTR or exon 3 
protein-coding sequences was marked. 

The exon 3 coding region and 3' UTR together only modestly 
destabilize p-globin mRNA more than either element alone. 
The presence of more than one element in myc mRNA that 
can independently destabilize globin mRNA led us to examine 
whether their effects were additive. We found that the steady- 
state level of pGm263mycpARI" mRNA, which contains most 
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(Mix D lanes 16 to 20) At 2 and 3 days, cytoplasmic RNA was isolated, and globin fusion mRNA levels were analyzed by RT-PCR+1. The autoradiograph disp ays 
the results with the lanes labeled as follows: Transfection Ratio, the molar ratio of plasmids transfected; Cutting Control, whether sample was ( +) or was not ( - ) spiked 
with the EcoRI cutting control; RT, product of RT-PCR+ 1(+) or PCR+1 without reverse transcription (-); EcoRI, whether product was (+) or was not (-) digested 
with EcoRI; Transfection Day, day (2 or 3) of RNA harvest, with "B" indicating a mixture of RNA from days 2 and 3 and **R" ind»cating reagents alone with no RNA 
Uncut (U) and cut (C) EcoRI cutting control and RT-PCR+1 products are indicated. 



of the protein-coding domain of myc exon 3 and the entire 3' 
UTR (Fig. 1), was 4.7-fold less than the level of |SGm434SVpA 
mRNA (Table 2). This is similar to the results obtained for glo- 
bin mRNAs fused to either the protein-coding region of exon 
3 or the 3' UTR, so their effect does not appear to be additive. 
When we compared pGm263mvcpARI~ and pGm434mycpA 
mRNA levels directly, the former was 1.7-fold less abundant, 
but the large standard deviation made it difficult to attach 
significance to this result (Table 2). Direct comparison of 
pGm263mycpARI~ and (SGm263SVpA mRNA levels re- 
vealed that the former was 2.3-fold less abundant, with a re- 
producibility suggesting that the difference is probably signifi- 
cant (Table 2). Together, these results suggest that the 
destabilizing effects of the protein-coding region of myc exon 3 



and the 3' UTR on p-globin mRNA are not additive and that 
the effect of the myc 3' UTR may be greater. 

Exon 3 coding sequences, but not 3' UTR sequences, are 
necessary for downregulation of myc mRNA during C2C12 
differentiation. C2C12 cells can be induced to differentiate into 
multinucleated myotubes by culturing them to confluence and 
changing to mitogen-poor media containing 2% horse serum. 
During differentiation, the level of C2C12 c-myc mRNA de- 
creases 3- to 10-fold over 12 to 24 h through posttranscrip- 
tional mechanisms, and mRNA encoded by a stably trans- 
fected, MLV-driven, full-length human c-myc gene is regulated 
like the endogenous murine myc mRNA (49). Previously, we 
had shown that sequences in the coding region of human myc 
mRNA were responsible for this downregulation and that se- 



TABLE 2. Comparative steady-state levels of chimeric globin mRNAs 



Cotransfected plasmids 



Reference plasmid 



Test plasmid 



Salient feature of test plasmid not present 
in reference plasmid" 



mRNA No. of deter- 



ratio* 


ruinations 


4.3 ± 0.1 


2 


4.3 ± 1.0 


12 


1.7 ±0.7 


4 


' 4.7 ± 1.0 


4 


4.6 ± 0.2 


2 


1.6 ± 0.7 


4 


0.8 ± 0.1 


2 


4.7 ± 0.5 


2 


0.9 ± 0.8 


4 


2.3 ± 0.3 


3 


1.7 ± 0.7 


5 



PGm434SVpARI" 

pGm434SVpA 

(JGm434SVpA 

pGm434SVpA 

pGm434SVpART 

f*Gm434SVpA 

0Gm434SVpA 

pGm434SVpA 

0Gm33OSVpA 



pGm434m>»cpA 

PGm434mycpARI _ 

3Gm(40-263)SVpARr 

pGm263SVpARr 

|3Gm263SVpA 

0G-CAT 

(JG-rpL32 

pGm263m>'cpARI- 

pGm263SVpARr 



pGm263SVpA pGm263mycpARI _ 
pGm434m>'cpA $Gm263mycpARr 



Most of myc 3' UTR 
Most of myc 3' UTR 

Most of myc exon 2 and 5' end of exon 3 coding region (codons 40 to 263) 
Most of myc exon 3 coding region (codons 263 to 433) 
Most of myc exon 3 coding region (codons 263 to 433) 
Most of CAT coding region (codons 39 to 219) 
Most of rpL32 coding region (codons 1 to 133) 

Most of myc exon 3 coding region (codons 263 to 433) and myc 3' UTR 
myc codons 263 to 329; both plasmids contain myc sequences from codon 330 to 
the Atal site 

Most of myc 3' UTR; both plasmids contain most of myc exon 3 coding region 
Most of myc exon 3 coding region (codons 263 to 433); both contain myc 3' UTR 



■ See Materials and Methods for details of plasmid construction. . 
b Reference/test mRNA ratios were determined by RT-PCR+1 ratio, after normalization for the input plasmid ratio as determined by Southern analysis. Values are 
average mRNA ratios (reference/test) ± standard deviations. 
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FIG. 6. Deletion of myc exon 3 sequences, but not 3* UTR sequences, abol- 
ishes myc mRNA down regulation during myoblast differentiation. C2C12 cells 
stably transfected with myc (X/N) or myc (A265-433) were seeded at low density 
into multiple culture plates, cultured to confluence, and induced to differentiate 
by using differentiation media (DM; DMEM containing 2% horse serum). 
Northern analysis was performed on cytoplasmic RNA isolated on serial days 
beginning the day after cells were plated. Cells were subconfluent on day 1 and 
confluent on day 2. The medium was changed to DM on day 2, and days 3 and 
4 cells have been exposed to DM for 1 and 2 days, respectively. Autoradiographs 
of blots display mRNA levels in cells transfected with myc (X/N) (A) or myc 
(A265-433) (B). mRNA from the transfected gene was detected by using a 
human (Hu) c-myc exon 1 probe (Xhpl to /VuII fragment); the endogenous 
murine (Mu) c-myc mRNA was detected by using a murine c-myc exon 1 probe 
(BamHl to Sacl fragment); and rpL32 mRNA was detected by using a full-length 
cDNA probe (16). RNA from untransfected C2C12 cells (U) was used to dem- 
onstrate specificity of the human c-myc exon 1 probe. 



quences in the myc UTRs were unnecessary (49). We asked 
whether protein-coding sequences in myc exon 3, which confer 
instability upon 3-globin but not myc mRNA in proliferating 
C2C12 cells, might play a role in c-myc mRNA downregulation 
during C2C12 differentiation. Therefore, we stably transfected 
C2C12 cells with myc(XW) and myc(A265-433) and deter- 
mined their mRNA levels during differentiation by Northern 
analysis. myc(X/N) mRNA decreased 3.6-fold, which is similar 
to the 3.0-fold decrease in endogenous C2C12 c-myc mRNA 
(Fig. 6A) and confirmed that the 3' UTR is unnecessary for 
myc mRNA downregulation during myoblast differentiation. In 
contrast, myc (A265 -433) mRNA was not downregulated and 
even increased about twofold compared with rpL32 mRNA 
(Fig. 6B). In these cells, endogenous c-myc mRNA decreased 
fourfold (Fig. 6B), demonstrating that c-myc mRNA regulatory 
mechanisms are active and that exon 3 coding sequences are 
necessary for them to modulate mRNA levels. These results 
lead to the conclusion that separate elements are important for 
determining myc mRNA levels in proliferating and differenti- 
ating C2C12 cells. 

DISCUSSION 

We describe a strategy for identifying mRNA elements that 
regulate c-myc mRNA levels by comparing steady-state levels 
of two human myc or globin-myc fusion mRNAs by using an 
RT-PCR assay. The assay has been refined so that differences 
in steady-state mRNA levels may be attributed to differences 
in mRNA turnover rates. The PCR-based assay offers the ad- 
vantage of sensitivity and the ability to use transiently trans- 
fected cells, which eliminates any influence that sites of gene 
integration may have on expression. Importantly, this method 
of analysis determines relative mRNA levels and half-lives with- 
out using drugs that perturb important metabolic processes, 
such as transcription or translation, that can affect mRNA 
turnover. Avoiding pharmacologic manipulations ensures that 
mRNA determinants regulating stability and steady-state lev- 
els operate in their normal physiologic context and that trans- 
acting factors involved in normal mRNA metabolism are un- 



perturbed. Finally, the nature of the comparative mRNA ap- 
proach identifies cw-acting elements that determine mRNA 
turnover rates and steady-state levels and that are, by defini- 
tion, functionally important. 

To ensure that factors besides mRNA stability did not dif- 
ferentially affect levels of the two mRNAs, plasmids used in 
this study were designed and prepared so that their mRNAs 
would be transcribed and processed identically. Any difference 
in steady-state levels of the two mRNAs should be attributable, 
therefore, to differences in mRNA stability. Though one tries 
to exclude confounding factors that may differentially affect 
levels of the two mRNAs, they may unknowingly exist when 
differences between the two genes and mRNAs are large. 
Thus, minimizing differences between the two genes is de- 
sirable, and one has the greatest confidence in drawing con- 
clusions about differential mRNA stability when differences 
between the mRNAs are minimal. As we developed the com- 
parative mRNA approach, this concern led us to confirm the 
half-life estimates obtained by this method with half-life esti- 
mates obtained by using actinomycin D. Although the latter 
may be associated with artifacts (35, 43, 50), concurrence of the 
two estimates lent confidence that our assay is detecting dif- 
ferences in rates of mRNA decay. 

Using the RT-PCR+1 assay, we showed that myc 3' UTR 
removal increases myc mRNA half-life to ^100 min, thereby 
increasing its steady-state levels four- to eightfold, that its 
fusion lowers chimeric (S-globin-myc mRNA steady-state levels 
four- to fivefold, and therefore, that the myc 3' UTR is neces- 
sary and sufficient for maintaining low levels of c-myc mRNA 
in proliferating C2C12 cells. Furthermore, our results suggest 
that sequences between the Nsil site, 75 nt downstream of the 
translation termination codon, and the first myc AAUAAA are 
mostly responsible for its effects. This is consistent with previ- 
ous actinomycin D studies on naturally occurring (1, 23) and 
recombinant (21, 24) mutant myc mRNAs suggesting that the 
myc 3' UTR functions as an instability element. Interestingly, 
this region contains two AUUUA elements as well as AU-rich 
regions thought to be important for the instability of other 
labile mRNAs (42, 43). However, the importance of the myc 3' 
UTR for determining myc mRNA instability has been clouded 
by other actinomycin D studies showing that the myc 3' UTR 
is dispensable for the normal instability of myc mRNA (28) and 
that mutation of the AUUUA pentamers does not affect myc 
mRNA turnover (8). In addition, studies of cycloheximide 
induction of myc mRNA levels suggested that mRNAs missing 
the normal 3' UTR are unstable. Rapid, marked induction of 
myc mRNA following inhibition of protein synthesis results 
mostly from mRNA stabilization and reflects its rapid turn- 
over prior to translation inhibition (32, 50); that mutant myc 
mRNAs, such as myc(X/N) mRNA, are rapidly induced (50) 
argues against the increased stability of 3' truncated myc 
mRNAs. These discrepancies concerning the role of the myc 3' 
UTR might be due to drug artifacts in some of these studies or 
might be reconciled by the presence of two instability deter- 
minants, one in the protein-coding region of exon 3 and one in 
the 3' UTR. This has been convincingly shown for c-fos mRNA 
(41, 43) and is suggested by studies of myc mRNA (5, 21, 50). 
If there are dual instability determinants, the likelihood that 
they exert their effects in different cells or under different 
conditions could explain the discrepancies. This possibility is 
supported by the observation that deletion of 3' UTR se- 
quences does not abolish the posttranscriptional downregula- 
tion of myc mRNA during C2C12 differentiation. In prolifer- 
ating C2C12 myoblasts, however, only the element in the myc 
3' UTR appears to operate. 

The other major putative instability determinant identified 
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in c-myc mRNA resides in the protein-coding domain of exon 
3. Deletion of this region alone did not increase myc mRNA 
levels in proliferating C2C12 cells, and 'deletion of exon 3 
coding and 3' UTR sequences did not increase mRNA levels 
more than deletion of 3' UTR sequences alone. These data 
indicate that sequences in the protein-coding domain of myc 
exon 3 do not regulate steady-state myc mRNA levels in these 
cells and are at odds with the results of some other studies (5, 
21, 50). Exon 3 coding sequences were initially implicated as a 
translation-dependent myc mRNA instability determinant by 
cycloheximide induction studies and shown to function as such 
by decay studies with CAT-myc fusion mRNAs transiently 
transcribed from a c~fos serum-inducible promoter (50). Other 
studies also support the role of this region as an instability 
determinant (5, 21), and our current study unequivocally shows 
that it has a destabilizing effect when fused to p-globin mRNA. 
Comparative (S-globin-znyc mRNA assays showed that fusion 
of myc exon 3 protein-coding sequences lowers the level of 
P-globin mRNA four- to fivefold, and actinomycin D studies 
showed that this fusion mRNA decays over five times faster 
than (3-globin mRNA. The apparent discrepancy between the 
results of the comparative myc mRNA and (3-globinwnyc fu- 
sion mRNA studies might be explained by an extreme suscep- 
tibility of 0-gIobin mRNA to destabilization. An alternative 
(and not mutually exclusive) explanation might be that the myc 
exon 3 coding region functions as a destabilizing element in 
special contexts or circumstances and is revealed in proliferat- 
ing C2C12 cells when fused to p-globin mRNA but not in its 
normal myc mRNA context. The importance of context is 
highlighted by mRNA decay rates after actinomycin D treat- 
ment, which demonstrate that p-globin mRNA is destabilized 
by myc exon 3 coding sequences even in the presence of acti- 
nomycin D (this study and reference 21), while the destabiliz- 
ing function of these sequences in a myc context is masked by 
actinomycin D (50). If this is the case, what is the relevancy of 
the destabilizing property of the myc exon 3 coding region? We 
do not have a definitive answer to this question at this time, but 
during C2C12 myogenic differentiation, exon 3 coding se- 
quences are necessary for normal posttranscriptional down- 
regulation of c-myc mRNA. This contrasts with myc 3' UTR 
sequences which, though clearly important for maintaining 
steady-state levels in proliferating C2C12 cells, are dispensable 
for downreguiation during differentiation. Thus, in its normal 
myc mRNA context in C2C12 myoblasts, exon 3 coding se- 
quences may not function as an instability determinant in pro- 
liferating cells but may do so in differentiating cells. Further 
study should reveal whether myc exon 3 coding sequences, 
while critical for the overall normal regulation of c-myc 
mRNA, function as an instability element in proliferating 
C2C12 cells only when fused to p-globin mRNA. 

Other myc mRNA sequences do not appear to have a role in 
regulating steady-state levels in proliferating C2C12 cells. We 
were unable to demonstrate any destabilizing effect of myc 
exon 2 sequences in the normal myc context, and their effect in 
a heterologous globin context is so slight as to be of question- 
able significance. Lavenu et al. (30) demonstrated that exon 2 
sequences are important for posttranscriptional determination 
of c-myc mRNA levels in the normal and regenerating liver. 
The variance with our results obtained in C2C12 myoblasts 
may be due to tissue specificity of the exon 2 effect. Exon 1 has 
also been implicated as a c-myc mRNA instability determinant 
on the basis of the finding that myc transcripts missing exon 1 
sequences from translocated alleles in B-cell lymphomas have 
prolonged half-lives (18, 37, 40). Another explanation is that 
these mRNAs are more stable because their leader contains 
unusual sequences brought in by translocation. Our studies 



favor the latter explanation because a mutant myc mRNA 
missing most of exon 1 and not containing novel leader se- 
quences is found at the same level as a near-normal myc 
mRNA containing almost all of exon 1. 

In conclusion, we have used a method for accurately com- 
paring steady-state mRNA levels of mutant myc and globin- 
myc fusion mRNAs to determine which cw-acting elements in 
c-myc mRNA function as instability determinants and regulate 
steady-state mRNA levels. Our data demonstrate that myc 3' 
UTR sequences are necessary and sufficient for this function. 
We also demonstrate that an element in the protein-coding 
domain of exon 3 can act independently to destabilize a het- 
erologous mRNA but is unimportant for maintaining normal 
steady-state myc mRNA levels in proliferating myoblasts. We 
further demonstrate that these exon 3 coding sequences, but 
not myc 3' UTR sequences, are necessary for the normal post- 
transcriptional downreguiation of c-myc mRNA during myo- 
blast differentiation. Ongoing work will further localize the 3' 
UTR element(s) regulating steady-state myc mRNA levels and 
characterize the different functional roles of the exon 3 coding 
region and 3' UTR sequences. 
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The green fluorescent protein (GFP) from the jellyfish Aequorea victoria has become an important marker 
of gene expression. However, the sensitivity of wilteype GFP has been below that of standard reporter 
proteins, such as /3-galaciosidase, which utilize ^ enzymaiic amplification. To improve the detection of GFP 
in transfected mammalian cells, we have cons^ct^. a unique GFP variant which contains chromophore 
mutations that make the protein 35 times W^^an wild-type GFP. and is codor>opumi2ed for higher 
expression in mammalian cells. These changes in thc. CFP coding sequence provide an enhanced GFP 
(EGFP) that greatly increases the sensitivity of the; reporter protein. Wr slidwr|i^^-EGFP expression 
vector delivered into mammalian cells givesirise -to:Diight fiuprescence that is reajly^ 
a j 6-24 hr transfectioh interval Vi^o^^^ti^^ot cells with . EGFP appears to be more 
sensitive than equivalent measurements with ^galaVto^ conversion of the X-gal substrate. 

We conclude that EGFP allows sensitive and convenient^ detecaon of gene transfer in mammalian cells. 

O 1996 Academic Pro*. Inc. 

The introduction of a foreign gene into a ceil is of great interest both for basic research 
and gene therapy. For example, transient trani%tion of plasmid,. DNA is a commonly 
used method to investigate transcriptional re gulattbnand gene expression (I). Transfection 
of cultured cells is also a common mQdeli;$y^m?ih gene therapy applications to develop 
DNA delivery systems. In many case^i^s^ 

monitor whether the gene of interest is efficient^ into cells, anoVor to normalize 

transcriptional activity (1, 2). . 

There are a number o f in vitro reporter genes/rsuch as secreted alkaline; phosphatase [SEAP; 
(3, 4)],^^gaiactdsidase l^-gal; (5)]i fir^fl^^ acetyltransferase 
[CAT;(7)] f available for quantifying ti^s?e&^ However, jOieie re^prter^ctivities 

assayed in conditioned medium or cellular^ 

indirect measurement of the efficiency of gene transfer,//! vivo reporter as^^,;such as in situ 
0-gal staining (5), in situ /^-glucuronidase [GUS; (9)] and in situ lucifer^^ are 
also available tor detecting gene transfer in ^ either ^xed cells or tissue secyo|i%l% 
allow visualization of transfected cells ^ with enzymatic substrates or antibod- 

ies (8). Among these procedures,. In is^g^^sMamg following expression of the E. coli 
LacZ gene is a widely used method because of its simplicity and sensit^ty.vlh this procedure, 
reaction of £-gal with the X-gal substrate produces a rich blue color that can be easily visualized 
under a light microscope, and iffilreJore^p rpvi^ efficiency 
(1,18). However, in this assay trarisifeci^ need to be fixed arid reacted with substrates 

1 Corresponding author. Fax: (415) 3544776. .,.■••..■! 

Abbreviations used: GFP, green fluorescent ; j>fpttm; wtCFF, wild-type GFP; EGFP, enhanced OFF; 0-gal, P- 
galactosidase; SEAP, secreted alkaline jS#$^^ GUS. ^-glucuronidase; 

CMV, cytomegalovirus; MCS, multiple cloning site, 
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FIG. I. Map of pEGFP-C! and Multiple Cloning Site (MCS). The vector pEOFP-CI (CLONTECH) contains 
the immediate early promoter of human CMV and SV40 polyadenylaiion signals to drive expression of the ECFP 
gene in mammalian cells. This vector contains a multiple cloning site (MCS) on the 3' end of the egfp gene, and 
can be used to create in-frame fusions to the C-terminus of ECFP. The egfp gene of pECFP-Cl encodes a variant 
chromophore sequence, and has been codon -optimized for maximal expression and fluorescence intensity in 
mammalian cells. 

to detect transfected cells. Thus, the cultures used for /?-gal staining; experiments must be 
produced separately from those utilized to a%aj^ie the spec 

The green fluorescent protein (G^P)^miv: the jellyfish Aequorea vicforia has become an 
important reporter for monitoring .gene expressioh.and protein local izatiomin a . variety of cells 
and organisms (11, 12). GFP' eXpra^^||p.feaTycftic ceils ,yic\^p^^^^^66nce when 
ceils are excited by ultraviolet (y^&g^ (^hiomopf^^^^^^^^sic to the 

primary structure of the protein, ;jw^j|^ GFP does riot require additional cofac- 

tors, substrates, or additional gene products (l lv 13). Moreover, GFP fluorescence is stable, 
species-independent, and can be monitbrecj ^noninvasive ly using techniques , of fluorescence 
microscopy, flow cytometry, and macros^ 12, 14). Tfierefr 

an attractive means for direct measurement of transfection efficiency in transient trarisfection 
assays. 

Wild-type GFP has several undesirable; ^properties including low fluorescent intensity when 
excited by blue light, a lag in ^e-^lv^pS^t of fluorescence, |^r; j^otein synthesis, and 
poor expression in several mtmm0M^04YPP^ (13, 15, 2P);JI^"usv me sensitivity of wild- 
type GFP has been below that' op^c^ protein^: si^b^as /?-gal, which utilize 
enzymatic amplification. To faprpye^^ of GFP: ■ln;tfarwfectetf mammalian cells, 
we have constructed a unique GFP van^t (6GFP) which contains chromophore mutations 
that make the protein 35 times brighje^!^ variant is also 
codon-optimized by using the TaS^pr||^3ph^ -of highly expr^s^^uman proteins in place of 
the corresponding * 'jellyfish" codQi^^pgher expression mmamm^alian cells (J 7). We found 
that these changes in the GFP coding sequence greatly increases, the sensitivity of the reporter 
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FIC. 2. Visualization of EGFP and Expression in CHO-K1 Cells. CHQrKj Ceils were trans fee ted with 

pCMV^ (A, C) and pEGFP-Cl (B, D) using .CLONfectiii. At 24 hour post^nsfWtipn; J^^; fluorescence was 
visualized and photographed directly uhderaZeisi" fluorescence microscope (B, P)^B^i^o|o^;)^N^i ;pdshtve cells 
were visualized and photographed at the same iime^im|yith a Leica light microscope, following fixation and staining 
of the cells with X-gal substrate as desci^o^' in'Mei C). A and B, (Ox ma^^tion; C and D, 40x 

magnification. 

protein. Here, we demonstrate the utili^ofgEGFP as a non-invasive, sensitive i and convenient 
marker for direct measurement of trarisfectioh efficiency in transient trans fection assays. 

MATERIAL^ Al^t) METHODS 

Cell culture and reagents. CHCMCI cells were cultured in Ham's F-12 medium sn(^emented^A.!0% fetaJ bovine 
serum (FBS). BHK-21, COS-! and HeLa ceib were cultured tnedium^s^lwn^ FBS. All 

cell lines were obtained from ATCC (Rockvillev MD» USA). M 100 untls/ml 

of penicillin and 100 /ig/ml of streptomycin., Ail media, sera, and other supplements were purchased from Sigma 
Chemical Co. (Si. Louis, MO). Cultures wdr^^M^U}!^ with 5% CO/95% air. 

Transfeciion reagents and methods. CLONfe^tiii i ^^Mt^n reagent is from CLp^ECiili^ Inc. (Palo 

Alto, CA, USA), and is used accortfng to the rr^u For each o^tbe'mm used in 

these studies/ 8 x 10 s cells per well were seeded m £0-m^iissue culture pUtesJqne ^ and 
grown in the appropriate medium su^l^mt^^i^i^n^ The cultures were 60-80% confluent at the time of 
transfectibn. Cells were transfected with* 6 jxg : ;p\zsm\d DNA per plate. 

Plasmid vectors and assays. pEGFP-Ci expression vector was constructed (Figl 1; see Results below for detail) 
and used to evaluate the feasibility '^imnt:.i^^Jo^^aitott. as a sensitive malrk^^^ The vector 

conuins an immediate early promoter of : human cyu?mcgalovirus (CMV) to drwpeK^s^oii of the EGFP gene in 
mammalian cells. For determining the actual ^transection efficiencies, both fluor^eniVan^^^ coils were 

scored in 4-6 representative fields ai,40x magpificauon using a Zeiss Axioskop fluorescence microscope equipped 
with a fluorescein or GFP filter set (Ctobn^#ech^ipgy, Inc., Brattleboro, VT). comparison studies, we also 
transfected .pCMV/3 (CLONTECH) encoding the E.,coULdc2%cn^ also driven by ^ihipMV mimediate early promoter. 
The £-ga)actosidaso expression was detected by /n j//i/liiaining using the X-geJ substratp as described previously (5, 
18). Briefly, 24 hrs after trans fection, cells in 2% formaldehyde 

and 0.2% glutaraJdehyde in PBS, rinsed twide : pvi&'fB^-and stained for ? noun* wHh O.1% X-gal in PBS containing 
5 mM potassium ferricyanide and 2 mM MgCti; Ceils were photographed on a Leica Leitz light Microscope (Leica 
Inc., Foster City, CA). 
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TABLE I 



Comparison of Transection Efficiencies Detected 
by ECFP Fluorescence and 0-Gal Staining 



Cell. 


%EGFP 


%0-Gal 


lines 


Positive cells 


Positive cells 


CHO-KI 


66.8 2 16.4 


39.8 - 3.8 


COS-1 


21.1 


35.9 ± 5.4 


HeLa 


25.4 2 6.3 


14.0 at 6.0 


BHK-21 


51.8 2 14.6 


59.8 2 5.1 



Note. Cells were trans fee led with pEGFP-CI 
and pCMV/J, individually, using CLONfeclin 
transfection reagent as described in Methods. 
ECFP fluorescent cells were counted directly using 
a Zeiss fluorescence microscope 24 hours follow- 
ing transfection. /3-gal positive cells were scored at 
the same time point using a Leica light microscope 
following fixation and staining with X-gal sub- 
strate as described in Methods. The total cell num- 
ber was determined by phase contrast. 4-6 repre- 
sentative fields were scored for each transfection ■ 
and data represent the mean 2 standard deviations. 

RESULTS AND DISCUSSION 

Wild type GFP exhibits lower fluorescence intensity which is hard to detect in several 
mammalian cell types (13, 15, 20). To improve upon these qualities, we have constructed the 
vector pEGFP-Ci (Fig. 1) which encodes a variant GFP protein described as GFPmutl (16). 
This variant contains two point :mute1i^ chromophore: Seit55 to Thr and Phe64 

to Leu. The GFPmutl variant generates:^ 35 fold bri^^ relative 

to wild type GFP when excited byjbliie light/ and has improved so^ efficient 
protein folding characteristics {46); ; ln additibn^we have us^tj^ that are 

highly expressed in human pro tems^o^^ further 
improve the expression of the GFP yanknt in mammalian cells. TOese ^ ch^n^^g^eat^y increases 
the sensitivity of the reporter protein ; V 

In situ /?-gal staining is a common jy^usedSand well accepted: ;prto^ the 
actual efficiency of gene transfer (5, ; ;l^)^fH6wcver, the procedure ir^lycs ^xation and 
staining steps which require separate cultures and additional time and effort before the actual 
transfected cells are visualized. To det^m pEGFP-Gl expression vector can be 

used effectively as a direct marker for gene transfer, we perfonned sifJe-by-side trans fections 
with pCMVJ3 and pEGFP-Cl expres^o^^ CHO-K1 cells. Fig; 2 shows the representa- 

tive fields of traiisfected cultures for jtoth^gal staintog (Panel A, C) arid EGFP fluorescence 
(Panel B, D) at low (A, B) anfl'^g^ with pEGFP 

gave rise to bright fluorescence i^i^a?e^ d irec tly detected under a fluorescence microscope. 
Cells transfected with pCMV# w with the X-gal substrate before they 

were visualized under a tight: Ai^^ pEGFP-dl antf |GMVy$ frahsfected cultures 

were visualized 24 hours following^ We observed that 40% of the cells are /?- 

gal positive, whereas 60% of ceil^are^EQFP positive. These data suggest that detection of 
EGFP expression provides better ^ sens^Saty uSan detection of 0-gal expression using X-gal as 
a substrate. 

To evaluate whether EGFP can be used to effectively monitor gene transfer and expression 
in a variety of mammalian cells; we traiisfected a number of additional mammalian cell lines 
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each with pCMV/9 and pEGFP-CL pEGFP-Cl expression was readily detectable in all cell 
lines tested, including CHO-K1* GOSt^ HeUi and BHK-21 cells; table I summarizes the 
transaction efficiency monitored ir)^^ and EGFP expression, For each of 

these cell lines tested, we scored : #^1^^ cells as well as total cells in 4-6 

representative fields of the transtetecljc^^ show that trahsfectibiis with pCMV0 and 

pEGFP-Ci expression vectors detectdd /wmpar^le transfection efficiencies iii BHK-21 cells, 
whereas in CHO-K1, COS- 1 and HeDa ceiriines Y we visualized a higher percentage of cells 
positive for EGFP than for0-gal deteeti^(^bl^l). These results indicate that visual detection 
of trans fectcd cells with EGFP ap^ro fe sensitive than equivalent measurements 

with 0-gal catalized conversion of the ^ X-gai^substrate. We have also noted that the signal-to- 
noise ratio for the EGFP expression i^ex^ijlprif -for visual detection. 

The use of EGFP has several advantaged oyer the existing reporter markers, such as the in 
situ £-gal assay. First, EGFP requires ho additional co factors, substrates or additional gene 
products to fluoresce (11, 14, 19). Thus, it is superior to the /?-gaf enzyme which requires X* 
gal as a substrate to detect transfectdd ceili< Second, since EGFP can be visualized directly 
under a fluorescence microscope wi&bjul^H^l|:the cells, use of the EGFP allows researchers 
to analyze specific genes of interest m^ffi^same: culture that are u$ed to monitor transfection 
efficiency. Third, since no extra steps pt-$ddjlijo.h of reagents are required to produce EGFP 
fluorescence following transfectidri/ ''vs&6t$Git to monitor gene transfer saves time and 
effort. Therefore, we conclude that EGF#^ and convenient marker for direct 

measurement of transfection efficiency m transient transfection assays. 
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